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Abstract—Compared with the rotary-to-linear mechanism, 

linear actuators show advantages in terms of efficiency, thrust 
control, and system volume when linear motion is required. This 
paper presents the design and analysis of a newly developed 
miniature short stroke tubular linear permanent magnet actuator 
for robotic applications. The electromagnetic force of the actuator 
was optimized analytically by selecting appropriate dimensions. 
The force produced by the winding currents was then predicted 
by the finite element method under brushless DC excitation 
method. The actuation performance was also analyzed based on 
the dynamic modeling of the actuator. A prototype was 
constructed and tested on a specially designed test bench to verify 
the design. Moreover, the end effect on the magnetic force due to 
the limited length of the stator core and translator was analyzed 
and measured. 
 

Index Terms—Actuators, linear motors, tubular linear motors, 
permanent magnet motors, robotics.  

I. INTRODUCTION 

OBOTS IN FUTURE may have high intelligence and mobility 
but in a much smaller package. Miniature actuators are 

therefore the critical components to make these machines more 
dexterous, compact and cost effective [1]. The electric 
machine designers will thus face challenges raised by the 
downsized dimensions, such as simple structure, scaling effect, 
and micro-machining technology. Electromagnetic actuators 
are dominant in macro scale machines due to higher energy 
density and efficiency compared with their rivals, whereas for 
the miniature or micro scale applications, they were not 
favored because of the difficulties in fabrication and 
miniaturization of complicated electromagnetic structures. 
With the recent developments in nanomagnetic materials and 
micro machining technology, however, it is no longer difficult 
to extend them to miniature and even micro applications [2]. 

In general, actuators can be divided into two main 
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categories according to their motion behavior: rotary and 
linear. In a system that requires linear motion, linear machines 
show advantages to the rotary-to-linear mechanisms in terms 
of efficiency, thrust control, and system volume [3]. In 
particular, linear actuators can greatly simplify the drive 
mechanism, which is crucial to the compactness of the 
systems. Moreover, application of new permanent magnet (PM) 
materials of high energy product and advanced control 
strategies can result in higher force-to-volume ratio and less 
cost of the machines [4]. 

Among various linear machine configurations, PM tubular 
machines have a number of distinctive features, such as high 
force density and excellent servo characteristics, which make 
them an attractive candidate for those applications in which 
dynamic performance and reliability are critical [5]. An 
application of PM tubular machines was described in [6], 
where the machine was developed for driving an experimental 
artificial heart pump. Another design for the similar purpose 
was reported in [7]. The proposed Φ70×20mm short stroke 
PM linear oscillatory actuator had only one stator winding and 
the tested maximum force is 63N under current of 1A. Other 
designs with different magnet topologies can be found in 
literature, such as radial, axial [8], and Halbach magnetized [9]. 
However, most of them were long stroke machines. 

Studies were conducted over the past on the field analysis [5] 
[10] and design criteria [3] [11] of the tubular PM linear 
machines with different topologies. Most of them were 
accomplished based on analytical and/or numerical method 
and only one experimental prototype was presented based on 
the work [12]. For short stroke linear machines, some general 
design considerations were discussed in [13]. However, further 
analysis and experimental results of such kind of machines 
have not been found in literature. 

This paper presents the design and analysis of a newly 
developed miniature short stroke PM tubular linear actuator 
for micro robotic actuations. The authors’ aim is to develop 
such a machine whose overall size is less than one centimeter. 
Because the actuation force of an electromagnetic actuator will 
decrease dramatically due to the scaling effect [14], much 
concern should be taken on the performance of the 
electromagnetic force when the actuator is getting smaller. 
Additionally, high performance magnetic materials and simple 
configuration also need to be considered. In the paper, by 
applying advanced magnetic material, an analytical analysis 
was conducted to determine the appropriate dimensions of the 
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actuator’s key components for the optimal force output. The 
calculation was numerically verified by the finite element (FE) 
magnetic field analysis. According to the proposed application, 
the electromagnetic force of the actuator produced by 
brushless DC drive method was then predicted by the FE 
solutions and the results were experimentally tested for 
verification. The reluctance force caused by the finite length of 
the stator core was also analyzed and tested. Moreover, the 
operational performance of the designed actuator was analyzed 
based on the magnetic analysis and dynamic modeling. 

II. ACTUATOR DESIGN 

A. Basic Structure 
Fig. 1 illustrates the basic configuration of the proposed 

tubular linear interior-mounted PM actuator. Table I lists the 
elementary dimensions of the first testing prototype. The 
stroke length was designed as 6mm. The tubular stator core is 
made up of the glassy metal ribbon, which is an amorphous 
soft magnetic material with high magnetic permeability and 
extremely low core loss. Its saturation induction is 1.56T and 
the maximum relative DC permeability can reach 45000. The 
core loss of the material is typically less than 0.2W/kg at 
60Hz/1.4T. Circular concentrated phase windings are mounted 
inside the stator core. Due to the small stator diameter, the 
slotless structure is employed for the simplicity in construction. 
Moreover, the slotless windings can also result in a better 
dynamic performance and less cogging force [3] [5]. The coils 
used for constructing the phase windings are made of 0.2mm 
copper wire with 70 turns.   

The PMs used in the translator are NdFeB discs and the 
pole-pieces between the magnets are also made by the glassy 
metal ribbon. The shaft supporting the magnets and pole-
pieces on the translator is made of non-ferromagnetic material 
for the reduction of the entire effective air gap between the 
stator core and translator, the volume of the PM material and 
the moving mass [5]. The translator is stacked by putting the 
magnets and the pole-pieces alternately along the shaft, as 
shown in Fig. 2(a), and the completed prototype of the actuator 
is shown in Fig. 2(b). The number of magnets on the translator 
is determined according to the desired length of the actuator 
and the tradeoff between the flux density and the saturation of 
the magnetic core [13]. 

B. Design for Optimal Force Output 
According to Lenz’s law, the force produced by a current i 

interacting with a magnetic field B can be expressed as 

cF iL B= ×
 

, (1) 

where Lc is the length of the conductor exposed to the 
magnetic field. Based on the basic configuration of the 
proposed actuator shown in Fig. 3, it can be derived that the 
electromagnetic force of the phase coils under one pole, Femp, 
is 

 
(a) Assembly of the moving translator 

 
(b) Completed prototype of the actuator 

Fig. 2. The proposed linear PM actuator 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Configuration of the slotless tubular PM actuator 

Cross sectional view 
of the actuator 

TABLE I 
DIMENSIONS OF THE ACTUATOR    UNIT: mm 

Stator Outer Radius (Re) 16 
Stator Inner Radius (Ro) 13.75 
Stator Length (Ls) 34 
Air Gap (g) 0.4 
Translator Radius (hm+S) 11.25 
Translator Length (La) 20 
Shaft Radius (S) 2.5 
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0
( )cd

emp gr s c cF B x J h l dx= ∫ , (2) 

where Bgr(x) is the radial component of the flux density in the 
air gap, Js the current density in the coil, and hc, dc and lc are 
the height, effective width and mean perimeter of the coils 

under one pole, respectively. The integration 
0

( )cd

grB x dx∫  

gives the magnetic flux per pole, φgr. Because the phase coils 
are concentrated, the current density Js is constant at a given 
time instant. As a result, (2) can be rewritten as 

emp gr s c cF J h lφ= . (3) 

It can be seen that the force per pole is proportional to the 
magnetic flux per pole and the dimensions of the coil. Hence, 
an optimal force output can be achieved by suitable design of 
φgr and inner diameter of the actuator that makes the best 
utilization of the actuator volume. 

In order to simplify the ongoing analysis, the following 
assumptions are made: 

 (i) The magnetic permeability of magnetic core is regarded 
as infinite; 

(ii) The leakage flux in the air gap and shaft is ignored; and 
(iii) The flux produced by the winding currents is negligible 

compared with the flux produced by the PMs. 
1) Flux under one pole 

The magnetic flux under one pole produced by the PMs can 
be found as [15] 

( ) ( )
0

4 (2 2 )( ) ( 2 )
c m

gr

m mm m m

H

G h S G h h S
φ

µ π τ

τ τ τ
=

+ + − + +
, (4) 

where Hc is the coercive force of the PMs, τ the pole pitch of 
the translator, τm the width of the PM disc, hm the radial depth 
of the PM disc, G the gap between the stator and translator, 
and S  the radius of the non-ferromagnetic shaft. 

Under the conditions of fixed outer dimensions and number 
of poles, say, taking hm, G and τ as constants, the flux and flux 
density in the air gap will vary with the width τm of the PMs 
and there exists a maximum flux at a certain width of PMs. By 
eliminating τm in the numerator in (4), the following can be 
yielded, 

( ) ( )
0

24 (2 2 )( ) 1 ( 2 )
c

gr
m mm m m

H
G h S G h h S

φ
µ π
ττ τ

=
+ + − + +

. (5) 

Based on (5), the variation of the flux and flux density under 

one pole are obtained and shown in Fig. 4. It can be easily 
found that the magnetic flux per pole will reach the maximum 
when τm=τ/2. 

2) Force per pole 
The electromagnetic force per pole can be found by 

combining (3) and (5). By applying τm=τ/2, the force per pole 
will be obtained as 

2

0 2

( )(2 )( 2 )

16 ( )(2 ) ( 2 )

emp

c s f
m m m m

m m m m

F

h D h S h D S h
H J k

h D h S h D S h

τ
µ π

τ

=

− + + +

− + + + +

, (6) 
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Fig. 4. Variation of flux and flux density vs. τm/τ 
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Fig. 5. Electromagnetic force per pole vs. lm/D 
 by analytical method 
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Fig. 6. Electromagnetic force vs. lm/D by the FE analysis 

 

 

 

 

 

Fig. 3. Magnetic flux under a pair of poles 
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where kf is the fill factor of the windings, and D = G + hm the 
gap between the stator core and the shaft, as shown in Fig. 1. 

It is seen from (6) that, if the distance between the stator 
core and translator shaft is fixed. In other words, the gap D is 
constant, and the force per pole will be a function of lm, or the 
height of the coils, hc. For the dimensions listed in Table I, the 
variation of the force per pole versus the ratio of lm/D is 
plotted in Fig. 5. It can be seen that there also exists an optimal 
ratio of lm/D to achieve a maximum force or force-to-volume 
ratio. From the formulation, it can be found that the optimal 
ratio of lm/D is around 0.78 and the maximum force per pole is 
0.58N when the current density of coils Js is set as 6A⋅mm-2, 
the thermal tether of copper wire under given conditions. 

Numerical method was applied to verify the above 
analytical results. By performing a two-dimensional (2D) non-
linear FE analysis of the actuator, the flux density in the air 
gap and the electromagnetic forces produced in the stator 
windings were computed. The saturation effect of the magnetic 
core was taken into account during the analysis. The effective 
flux density in the air gap was found to be around 0.51T and 
the total electromagnetic force was calculated at different lm/D 
ratios as shown in Fig. 6. It is shown that the analytical results 
agree well with the numerical results. 

III. FLUX DENSITY AND ELECTROMAGNETIC FORCE 
Since the translator of the actuator is deliberately designed 

shorter than the stator so that it can move back and forth within 
the stator, the distribution of the resultant flux density within 
the stator windings varies with the position of the translator. 
Consequently, the produced electromagnetic force also varies. 
Moreover, due to the limited length of the actuator, the flux 
density and force when the translator is close to the ends of the 
stator core will differ from those when the translator is in the 
middle of the actuator. 

In order to find out the detailed flux density distribution and 
the profile of the electromagnetic force of the actuator, an FE 
model considering the non-linear properties of the magnetic 
core was established according to the above analysis. 
Meanwhile, several factors related to the construction of the 
prototype were also considered during modeling, such as the 
lamination factor of the magnetic core, the tolerances required 
for the machining and installation, etc. Fig. 7 shows the 
magnetic flux contour plot when the translator is at two 
different positions: (a) in the middle, and (b) at the right end of 
the actuator.  

A. Flux Density in Stator Windings 
The stator windings consist of twelve coils. Because the 

stator windings are concentrated, each phase coil occupies a 
part of the air gap, and the distribution of the phase winding is 
arranged as A-C-B-…-B. Accordingly, the flux density within 
the stator windings was analyzed based on the coils and 
grouped by phases. The flux density in each of the coils was 
computed at different translator positions and the results are 
plotted in Fig. 8, where the corresponding phase and coil 
numbers are indicated in Fig. 7. The flux generated by the 

winding currents was also considered during the computation. 
Nevertheless, the flux produced by the currents is considerably 
small compared to the flux generated by the PMs and will 
make no changes to the profiles of the flux densities within the 
stator windings. 

From the results, it is shown that the variation of the flux 
density within the windings is close to sinusoidal waveform. 
However, the end effect is remarkable when the translator is 
close to the stator ends, especially for those coils near to the 
ends of the actuator, such as the 4th coil in phase A, the 1st coil 
in phase B and the 2nd and 3rd coils in phase C. The flux 
densities in these coils no longer vary as sinusoidal and are 
much smaller than others. 

The information of these flux densities can be very useful in 
the circuit model of the actuator. In the commonly used rotary 
machines, the back electromotive force (EMF) can be obtained 
simply by the fundamental component of the flux density in 
the stator windings. The flux densities in the short stroke linear 
actuator, however, show very strong non-linearity and 
distortion and the conventional method of using only the 
fundamental component of the flux density would lead to 
significant errors when computing the back EMF. Hence, the 
actually obtained flux density profiles should be used directly 
for predicting the back EMF in the phase windings at different 
translator positions in the dynamic model of the actuator. 

B. Electromagnetic Force under Brushless DC Excitation 
Based on the obtained flux densities in the windings, the 

electromagnetic force can be calculated by using (1). 
Considering the proposed application of the designed actuator, 
a simple but effective drive method should be adopted. The 
brushless DC drives are widely used in the PM machine 
applications due to their simple implementation and very good 

 
(a) 

 
(b) 

Fig. 7. 2D flux contour plots when the translator is 
(a) in the middle, and (b) at the right end of the actuator 
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control performance. Moreover, the brushless DC drive 
without the mechanical position sensor can also be easily 
realized by phase voltage detection. These features are very 
attractive for the miniature systems that do not allow complex 
system configuration and large volume. 

The excitations of the linear brushless DC drive are direct 
currents imposed to the phase windings according to the 
translator positions of the linear PM machine. The phase 
currents are required to be commutated at specific translator 
positions to achieve the optimal force output. Ideally, the peak 
torque occurs when the fields of stator and translator are at 90° 
to each other and falls off as the fields move together. In order 
to keep the machine running, the magnetic field produced by 
the stator windings should shift position as the translator 
moves to catch up with the stator field. As a result, it is 

important to know the translator position to determine which 
windings shall be energized following the energizing 
sequence. Usually, the translator position is sensed by using 
mechanical position sensors installed on the machine stator. 
However, the employment of mechanical position sensors 
results in a higher drive cost due to sensors, wiring and 
implementation in the machine. Moreover, physical sensors 
cannot be used in those applications where space is extremely 
restricted, such as micro robotics. Therefore, the sensorless 
drive is an essential capability of a brushless DC machine 
drive. 

During the FE force analysis, the electromagnetic force of 
the actuator was computed at different translator positions with 
a pre-defined excitation pattern. Since the conventional 120˚ 
square wave of energization (Fig. 9) is applied for the current 
commutation of the actuator drive, a proper switching 
sequence as well as a set of commutation positions can be 
found by comparing the produced forces under different 
commutation schemes. Table II lists the obtained switching 
sequence and the corresponding commutation positions 
throughout the entire stroke and Fig. 10 shows the computed 
electromagnetic force by applying the sequence. In the 
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Fig. 8. Flux densities in each phase coils at different translator 

positions (a) phase A, (b) phase B, (c) phase C 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Conventional 120˚ energization 
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calculation, the phase currents are set to meet the current 
density limitation of 6A⋅mm-2 as used in the machine design. 

As common in the brushless DC drives, the output force of 
the actuator has ripples due to the DC phase currents and the 
current commutation. The influence of the end effect on the 
electromagnetic force can also be clearly seen from the results. 
Although the force obtained by the brushless DC drive method 
is usually less than that produced by the three-phase energized 
scheme, its control method is much simpler and can be easily 
realized by less hardware compared to the three phase drive 
method. This feature is preferable for the compact systems, 
especially micro systems. Moreover, the sensorless control can 
be readily implemented in the brushless DC drive method by 
detecting the back EMF in the unexcited phase of the machine. 
This attribute is also essential for the miniature or micro 
applications that the installation of mechanical position sensors 
is unfeasible. 

IV. EXPERIMENT ON PROTOTYPE 
A comprehensive experiment was carried out on the 

prototype to verify the previous analysis and the performance 
of the proposed actuator. 

A precision test bench was implemented for the static 
testing of the prototype. The test bench consists of a force 
gauge, a micro position meter, a set of tools for clamping the 
actuator tested, and a supporting stage, as shown in Fig. 11. In 
order to measure the static force generated by the actuator at 
different translator positions, the position of the translator was 
preset by the micrometer before the measurement. The polarity 
of the stator current was applied to make the force against the 
force gauge so that the force can be effectively sensed. Much 
care should be taken with the static friction between the linear 
bearings and the shaft of the translator of the actuator while 
testing. The friction should be reduced as much as possible to 

obtain better results. 
The proper energized phases and currents direction imposed 

to the actuator were set according to the preset translator 
positions and the energization sequence shown in Table II. The 
amplitude of the current was set to 220mA to meet the current 
density used for the force prediction. Totally 25 positions were 
tested throughout the entire stroke of the actuator. The 
measured output force is plotted together with the predicted 
results in Fig. 12 as a comparison. It can be seen that the 
predicted forces agree well with the measurement results. 

V. RELUCTANCE FORCE DUE TO END EFFECT 
Although the slotless structure eliminates the cogging force 

due to the interaction between the core teeth and the magnets, 
there still exists another reluctance force within the linear 
actuator due to the limited length of the stator core and moving 
translator. Similar to the slot structure in an electrical machine, 
the short stroke actuator can be considered as one tooth pair 
between the translator and stator, as shown in Fig. 13. A 
reluctance force will result from the variation of the magnetic 
reluctance between the stator core and the moving translator, 
and the force will lead to the alignment of the stator core and 
the translator with their center positions. 

 
 
 
 
 
 
 
 

(a) Configuration 

 
(b) Implementation 

Fig. 11. Test bench for the prototype verification 
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Fig. 12. Electromagnetic force under brushless DC excitation 
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Fig. 13. Reluctance force when translator is at 
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The resultant reluctance force can be predicted by numerical 
solutions based on the virtual work or Maxwell tensor method. 
The FE method can provide good results in magnetic field 
analysis. However, a considerable care is required with the 
mesh discretization to achieve high computational accuracy in 
force analysis [16]. The predicted results of the reluctance 
force at different translator positions by using FE analysis are 
shown in Fig. 14 combined with a comparison of the 
computational accuracy under different meshing scales. 
Because the reluctance force will be zero when the translator is 
centered within the stator core, it is used as an indicator for the 
accuracy in the plot. The Nesize used in the plot is the 
normalized element size while the base element size is the one 
used for the last results. 

The reluctance force of the proposed actuator was also 
measured by using the test bench and the results are plotted in 
Fig. 14 as well. It can be seen that the predicted values are 
larger than those from the measurement. This could be 
attributed to the larger fringing flux in the practical prototype 
than that in the numerical model. 

The force could affect the entire dynamic performance of 
the actuator. In some particular applications, the force may be 
useful. For example, if the actuator is used as an impact drive, 
this reluctance force could help to restore the translator 
position and to alleviate the impact force when collision occurs 

between the stator and translator. 

VI. DYNAMIC MODELING AND ANALYSIS 
A dynamic model is essential for analyzing the performance 

of an electric machine. The previous electromagnetic field 
analysis of the designed actuator provides the basic 
information of the machine for establishing a system model. 

A. Dynamic model 
Through the analysis of the flux linkage in each phase, 

electro-dynamic equations of the designed actuator can be 
obtained as follows 

j k l
j j j jj jk jl jm

di di di
u R i L L L e

dt dt dt
= + + + +  (7) 

where uj, ij, Rj, Ljj, and ejm are voltage, current, resistance, self-
inductance, and back EMF in phase j, Ljk and Ljl are the mutual 
inductances between phases, and j, k, l ∈ (a, b, c), j≠k≠l. The 
back EMF in each phase can be further expressed as 

2jm jr ace r NB vπ=  (8) 

where rc and N are the mean radius and number of turns of the 
phase coils, va is the translator velocity with respect to the 
stator, and Bjr the radial component of the flux density in each 
phase, which can be derived by the corresponding flux 
densities in each of the phase coils [17]. 

The dynamic force of the actuator can be found by the 
derivative of the corresponding system co-energy with respect 
to the displacement, i.e. Fem=∂Wf′/∂z, and it is given by 

2 ( )em ar a br b cr ccF r N B i B i B iπ= + +  (9) 

B. Performance Analysis 
Based on the above equations, combined with the kinetic 

equation of the actuator, one can form the dynamic model of 
the designed actuator. A SIMULINK model is hence 
established as shown in Fig. 15 and can be readily employed to 
analyze the dynamic performance of the actuator. 

Fig. 16 shows the analyzed dynamic performances during 
one stroke when the actuator is driven by brushless DC method. 
The external load force was set as 2.4N, which is close to the 
maximum force capability of the actuator. As previously 
mentioned, the brushless DC drive of the actuator could only 
operate based on the proper translator positions, and a physical 
linear position feedback was therefore assumed in the analysis. 
This, however, could be impractical in the miniature or micro 
applications and a kind of sensorless control scheme should be 
adopted, such as back EMF sensing technique. Moreover, 
senorless startup of the system should also be considered and 
preset of the initial translator position by mechanical or 
electrical method could be the solutions in specific 
applications. Some initial position detection by finding the 
saliency effect of the machine can be employed in those 
applications that require high driving performance. 

0 20 40 60 80 100
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

 

 

Re
lu

ct
an

ce
 F

or
ce

 (N
)

Armature Position (%stroke)

 Measured
 Computed

 
(a) Reluctance force 

0.2 0.4 0.6 0.8 1.0
-0.4

-0.2

0.0

0.2

0.4

 

 

Re
lu

cta
nc

e F
or

ce
 in

 C
en

ter
 (N

)

Meshing Scale (1/Nesize)
 

(b) Comparison of computational accuracy 
under different meshing scales 

Fig. 14. Analysis of reluctance force caused by end effect 



 8 

VII. CONCLUSION 
The design and analysis of a newly developed tubular 

interior-mounted PM linear actuator is presented in this paper. 
By using both the analytical and numerical methods, the key 
dimensions of the actuator were determined through the 
optimization of the electromagnetic force. Via the FE analysis, 
the flux density and electromagnetic force at different 
translator positions were predicted. The computed results were 
compared with the experimental results obtained from a 
prototype and the validity of the design was confirmed by the 
experiment. In addition, the dynamic actuation performance of 
the linear actuator was analyzed based on the system modeling. 
The results show that the designed tubular PM actuator could 
be suitable for a practical miniature robotic system. 
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