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Abstract: - In this paper, we report on our study of a Nano Positioning Actuator (NPA), which uses an 
impact/inchworm mechanism. Many kinds of similar precise positioning actuators, which use the same working 
mechanism, are being and have been proposed by many researchers for several decades. But, a characteristic 
analysis and design method for the NPA has not been proposed yet. Also, the characteristic analysis and design 
methods of similar machines were only approximate and ineffective. This was because they used only a rough 
analytic method or an experimental trial and error method for analysis and design. Although, some papers 
proposed analytic equations for the characteristic analysis, they did not clearly elucidate the complicated working 
mechanisms. They did not take all effective components and workings into consideration such as the slip 
phenomenon, the electromagnetic force relation, the frequency dependency, and so on.  

Hence, we present in this paper an analysis methodology for the NPA using the 3D FEM combined with an 
analytic method, shedding light on the complex working mechanism, and taking all effective components into 
consideration for an exact and effective characteristic analysis of the NPA and similar machines.  In this study, the 
mechanical system and the electrical control system of an NPA were prototyped. Finally, the effectiveness of an 
NPA considering such aspects as size, cost, and so on was validated by experiment. Also, the reasonableness of a 
clarified complex working mechanism taking all effective components into account was verified by experimental 
data. 
 
Key-Words: - Actuator, finite element method, impact mechanism, inchworm mechanism, nano, piezoelectric, 
manipulator 
 
1 Introduction 

Important trends in industry are miniaturization and 
precision. These trends in turn drive the increasing 
demand for precise positioning actuators. As a 
consequence, many precise positioning actuators are 
being and have been proposed by many researchers for 
several decades. But, most of these actuators need 
very complex designs, high precision manufacturing, 
error compensators, temperature controls, and so on. 
Hence, most of the existing precise positioning 
actuators have problems. These problems include their 
large sizes, their large consumption of energy, and 
their large production and maintenance costs [1]-[18]. 
To address these problems, many kinds of precise 
positioning actuators, which use the impact or 
inchworm mechanism, have been proposed by many 
researchers [1]-[18].  These machines have merits of 
being small in size, having low energy consumption, 
and being very economical in their production and 
maintenance costs. Therefore, the NPA, which uses an 

impact/inchworm mechanism, was selected to study as 
the precise positioning actuator in our research. 
There are many kinds of other precision machines, 

which use the same impact or inchworm mechanism 
as the NPA. References [1]-[18] discuss such 
machines. But, the characteristic analysis and design 
method of the NPA has not proposed yet. Also, the 
characteristic analysis and design methods of similar 
machines were approximate and ineffective. This is 
because they used only a rough analytic method or an 
experimental trial and error method for analysis and 
design. These methods did not clearly articulate the 
complex working mechanism taking all effective 
components into consideration. Some effective 
components and workings not taken into consideration 
are the slip phenomenon, the electromagnetic force 
relation, the frequency dependency, and so on. 
References [8] and [9] suggest the characteristics 
analysis method of machines which use the 
impact/inchworm mechanism by using an 
approximate analytic method. However, only a rough 
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characteristic analysis has been possible because 
rough analytic equations have been only used for the 
characteristic analysis without consideration of the 
complex working mechanism and all the effective 
components. In one example, reference [9] mentions 
the need for clarifying the relationship between the 
electromagnetic force and slippage, but this remains as 
an unsolved problem. To solve this problem and to 
exactly and effectively analyze the characteristic of 
machines which use the impact or inchworm 
mechanism, we suggest this analysis methodology for 
the NPA. We use a 3D FEM combined with an 
analytic method. This methodology shed light on the 
complex working mechanism and considers all 
effective components. These components include the 
slip phenomenon, the electromagnetic force relation, 
the frequency dependency, unbalanced shape, and so 
on. 
In this research, the mechanical system and the 

electrical control system of an NPA were prototyped. 
Finally, the effectiveness of an NPA in the aspect of 
size, cost, and so on, the reasonableness of the 
clarified complex working mechanism taking all 
effective components into consideration, and the 
adequacy of the proposed analysis method were 
validated by comparing their outcomes with 
experimental data. 
 
 

2 The Working Principle of the NPA 
Fig.1 shows the construction of the NPA. Two 

electromagnets (EMs) and a piezoelectric ceramic 
constitute the NPA.  
The simplified working principle is indicated in Fig.2 

and Fig3. Fig. 3 is drawn only to simply explain the 
ideal step motion of the impact/inchworm mechanism. 
As shown in Fig. 3, the NPA moves to the right side by 
synchronizing three electrical input sources as 
indicated in Fig.2. The NPA can move to the left side 
by exchanging the left and right coil’s electrical input 
source sequence with each other. 
The working principle of the NPA is based on the 

inchworm principle and the impact mechanism. This 
means the NPA slides by the synchronous sequence of 
the attaching action and the cyclic elasticity motion. 
The synchronous sequence of attaching by the EM and 
expanding and contracting by the piezoelectric 
ceramic is the inchworm principle. The sliding by the 
expansion and the contraction of the piezoelectric 
ceramic is the impact mechanism [1]-[16].  

In the real case, the inchworm/impact working 
mechanism is more complicated than the ideal 
mechanism which is shown in Fig. 3. This is because 
the slip phenomenon occurs as a result of the force 
difference in the system. In addition to the slip 
phenomenon, there is another condition that makes the 
working mechanism complicated. This condition is 
the different displacement of the 
forward-electromagnet (FW-EM) and the 
backward-electromagnet (BW-EM) if the system of an 
NPA is an unbalanced shape or material. Also, if the 
operating frequency is changed or if the system’s 
material or shape is changed, then the displacement is 
changed. There are many other components that make 
the working mechanism complicated. The real step 
motion is represented in Fig.4. This motion is different 
from the ideal one as shown in Fig. 3. However, only 
the ideal step motion has been taken into consideration, 
although the real step motion is different from the 
ideal step motion, as shown in Fig. 3 and Fig.4. Hence, 
we suggest the analysis methodology of the NPA 
using a 3D FEM combined with an analytic method 
shedding light on the complex working mechanism 
and considering all effective components.  

 
Fig.1. Prototyped NPA. 

 

 
Fig.2. Wave form of the electrical input source to the NPA. 

 
 

 
Fig.3. Step motion of the NPA according to the electrical input source of 

Fig.2. 
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Fig.4. Real step motion of the NPA according to the electrical input source 

of Fig.2. 
 
 
3 Prototype of the NPA 

Fig.5 shows the prototype of an NPA. The important 
point here is that we suggest a three contact 
mechanism for an NPA to reduce the manufacturing 
cost and to guarantee the mechanical stability of the 
NPA. Fig.6 shows the flow chart of the control system 
for an NPA. As shown in Fig.6, we control the NPA by 
image control method using a microscope, a CCD 
camera, and a capture board. Fig.7 shows the flow 
chart of the driving circuit for an NPA. Three 
electrical input square waves with 90 degree phase 
difference are needed to operate an NPA, as shown in 
Fig.2. Therefore, the L297 chip, which is commonly 
used for a step motor driving circuit, is used for the 
generation of three electrical square waves with a 90 
degree phase difference. Two waves, which have 180 
degree phase difference, are used for the input source 
of the EMs. These two waves are amplified by the 
L298N chip. The third wave is used for the operation 
of the piezoelectric ceramic with high voltage. 
Therefore, a half-bridge circuit with a transistor is 
employed to amplify the voltage. Fig.8 shows the 
prototyped NPA’s whole system. 
 

 
Fig.5. Prototyped mechanical system of a NPA. 

 
Fig.6. Flow chart of the control system for an NPA. 

 

 
Fig.7. Flow chart of the driving circuit for an NPA. 

 

 
Fig.8. Prototyped NPA’s whole system. 

 
 
4 Characteristic Analysis and 

Experimental Results for the NPA 
As briefly mentioned in Ⅱ, the real step motion of an 

NPA follows the Fig. 4. This representation is more 
complicated then the ideal representation which is 
shown in Fig. 3. There are many effective components 
that make the working mechanism complicated in the 
real case, such as the slip phenomenon, the 
electromagnetic force relation, the frequency 
dependency, the unbalanced shape, and so on. But, 
only very approximate analytic methods or 
experimental trial and error methods have been used 
for the analysis and design of machines similar to the 
NPA. Only an ideal step motion has been used not 
taking the real step motion into consideration, until 
now. Therefore, the exact and efficient analysis and 
design has been impossible until now. Most of all, 
although the approximate analysis method of similar 
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machines to the NPA has been suggested, the analysis 
and design method of the NPA has not been proposed, 
yet. Therefore, we propose the analysis methodology 
of the NPA taking all effective components into 
consideration using 3D FEM combined with analytic 
method.  
In this research, some effective components, such as 

t

.1 The calculation of the ideal displacement at 

The first stage for the simulation of an NPA is the 
c

 result, by using the 
3

cement at the 
s

 
9. Sim M, when 

.2 The calculation of the total displacement at 

Th  simulation of an NPA is the 
c

e

he slip phenomenon and the electromagnetic force 
relationship of an NPA are defined as external 
effective components and some components, such as 
the NPA system’s shape, material, operating 
frequency, input voltage, and so on are defined as 
internal effective components of this system. 
 
 
4

each EM Subsection 

alculation of an ideal displacement by using a 
transient analysis with the 3D FEM. This analysis 
routine does not take external effective components 
into consideration such as the slip phenomenon and 
EM forces. It takes the internal system, itself, into 
consideration such as the NPA system’s shape, 
material, operating frequency, input voltage, and so on. 
Hence, the simulated displacement, which is 
calculated by not taking the external effective 
components into consideration but only by taking the 
internal effective components into consideration, is 
called the ideal displacement. If the system is an 
unbalanced shape or material then each ideal 
displacement of a FW-EM and a BW-EM is different. 
If the operating frequency or the input voltages are 
changed then each ideal displacement of the FW-EM 
and the BW-EM is also changed. 
Fig.9 shows the transient analysis
D FEM, of the NPA when a 50[V]/50[Hz] electrical 

source is applied to the piezoelectric ceramic. This 
analysis stage does not take the external effective 
components into consideration but only takes the 
internal effective components into consideration. 
Hence, the simulated displacement in Fig.9 is called 
the ideal displacement of an NPA. From this 
simulation routine, the ideal displacements of a 
FW-EM and a BW-EM are calculated.  
The value of the calculated ideal displa
teady state of the FW-EM, (uF)ideal is 829 [nm] and of 

the BW-EM, (uB)ideal is -1000 [nm]. The FW-EM and 
the BW-EM are displaced asymmetrically because the 
shape of an NPA is asymmetric.  Finally, the ideal 
displacement at each of a FW-EM and a BW-EM is 

calculated by transient analysis using the 3D FEM and 
only taking internal effective components into 
consideration. 
 

 
(a) Simulated ideal displacement data of a FW-EM 

 

 
(b) Simulated ideal displacement data of a BW-EM 

Fig.
50[v]/50[

ulated ideal displacement data of a NPA by 3D FE
Hz] electrical source is applied to piezoelectric ceramic. 

 
 
4

each EM 
e second stage for the

alculation of a mechanical displacement of an NPA 
by using an analytic method taking external effective 
components, such as slip losses and EM forces, into 
account. In our research, the NPA has been examined 
closely taking the complex working mechanism into 
consideration to calculate the total displacement of the 
NPA. The simulated final mechanical displacement, 
which is calculated by combining the external 
effective components and the ideal displacement result, 
is called the total displacement in this paper. Fig.10 
shows the diagram of the mechanical displacement 
relation in the NPA combining the ideal displacement 
and external effective components. 
From Fig.10 and from the Equation of Motion, which 
xplains the force and displacement relations [29],[30], 

we propose (45)-(58) for the calculation of the total 
displacement at each of the FW-EM and the BW-EM 
by closely taking the complex working mechanism 
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into consideration. The mechanical total displacement 
to the horizontal direction at each of the FW-EM, 
(uF)tot and BW-EM, (uB)tot can be expressed by 
(45)-(58) from Fig.10 and the Equation of Motion. 
When a piezoelectric ceramic expands, the total 
displacement can be defined by (45) and (46) ; when it 
contracts, by (47) and (48).  
 
( ) ( ) ( ) ( ) rtBrtFidealFtotF uuuu .. +−+=

  

                 (45) 
( ) ( ) ( ) ( ) rtFrtBidealBtotB uuuu .. −+−=

 
   (46) 

( ) ( ) ( ) ( ) rtBrtFidealFtotF uuuu .. −+−=

  

                 (47) 
( ) ( ) ( ) ( ) rtFrtBidealBtotB uuuu .. +−+=

 
   (48) 

here,  
he mechanical displacement of the FW-EM 

e mechanical displacement of the BW-EM 

 mechanical displacement of the FW-EM because of 

w
(uF)t.r : t
because of  the total resisting horizontal force at the 
FW-EM 
(uB)t.r : th
because of the total resisting horizontal force at the 
BW-EM. 
 
A
the total resisting horizontal force at the FW-EM, 
(uF)t.r can be expressed by :  
 

 

( ) ( ) ( )
( )

( ) ( ) ( ) ( )
( ) ( )effFeffF

rrFerrFerF
idealF

geffF

rtF
idealFrtF

am
FFF

u

F
F

uu

×
++

×=

×=

....

.

.
.

          
                  

9) 

here, 

(4
 
w

( )
2

p
FeffF

m
mm +=

                                                  (50) 
 
nd where, 

 total resisting horizontal force at the 

he effective value of the generated horizontal 

horizontal force at the FW-EM 

rce at the FW-EM 
due to the residual EM force at a FW-EM 

 of the FW-EM 

 because 
f the total resisting horizontal force at the BW-EM, 

(

a
(FF)t.r : the
FW-EM 
(FF)eff.g : t
force at the FW-EM 
(FF)r.e : the resisting 
due to the EM force of a FW-EM  
(FF)r.r.e : the resisting horizontal fo

(FF)r.r : the resisting horizontal force at the FW-EM 
due to rest forces at a FW-EM  
(mF)eff : the effective mass of the FW-EM     
(aF)eff : the effective acceleration
mF : the mass of the FW-EM     
mP : the mass of the piezoelectric ceramic. 
 

A mechanical displacement of the BW-EM
o
uB)t.r is derived by :  

 

( ) ( ) (F
uu ×=

 

 
where

)
( )

( ) ( ) ( ) ( )
( ) ( )effBeffB

rrBerrBerB
idealB

geffB

rtB
idealBrtB

am
FFF

u

F

×
++

×= ....

.

.
.

          
                   

(51) 

, 

( )eBm =
2

p
B

m
m +

                                                  (52) 
 
and where, 

)  : the total resisting horizontal force at the 

e BW-EM 

f a BW-EM  

-EM  

 of the BW-EM. 

al and (uB)ideal, are 
alculated by a 3D FEM as shown in Fig.9. Also, the 

e

(FB t.r
BW-EM 
(FB)eff.g : the effective value of the generated horizontal 
force at th
(FB)r.e : the resisting horizontal force at the BW-EM 
due to the EM force o
(FB)r.r.e : the resisting horizontal force at the BW-EM 
due to the residual EM force at a BW
(FB)r.r : the resisting horizontal force at the BW-EM 
due to rest forces at a BW-EM  
(mB)eff : the effective mass of the BW-EM     
(aB)eff : the effective acceleration
mB : the mass of the BW-EM.     
 

The ideal displacements, (uF)ide
c
ffective value of generated horizontal forces, (FF)eff.g 

and (FB)eff.g, are calculated by a 3D FEM and (49)-(52). 
The results are shown in Fig.11. In this study, these 
variables are constants. This is because the input 
electrical source to a piezoelectric ceramic is fixed 
only to be 50[V]/50[Hz]. The effective masses, (mF)eff 
and (mB)eff are also stationary. This is because the mass 
is not changed during the operation. The resisting 
horizontal forces which results from the rest forces at a 
FW-EM, (FF)r.r, is also a fixed variable equal to 0.01 
[N]. This is because the resistance of a LM guide’s 
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seal is the rest force in this research. The resisting 
horizontal forces which is results from the rest forces 
at a FW-EM, (FF)r.r, is a constant equal to 0 [N]. This 
is because there are no rest forces. Those fixed 
variables are tabulated in TABLEⅠ where the sign 
follows the arrow directions of Fig.10. 
Resisting horizontal forces due to the EM force, 

(FF)r.e and (FB)r.e, are calculated by (53)

 

 

-(54) and a 3D 
FEM. The resisting horizontal force due to the residual 
EM force at a FW-EM, (FF)r.r.e, and at a BW-EM, 
(FB)r.r.e are calculated by (55) and (56). The simulation 
results are tabulated in TABLEⅡ. 
 
( ) ( ) enFserF FF .. ×= µ        (53) 
( ) ( ) enBserB FF .. ×= µ

  (55) 
       (54) 

( ) ( ) ernFserrF FF .... ×= µ

   (56) 
 

( ) ( ) ernBserrB FF .... ×= µ

nal coefficient (0.17) 
where,  
　 : the static frictio

FB)n.e : the normal EM forces at the FW-EM 

W-EM 

hanical displacements to 
e horizontal direction are tabulated in TABLEⅢ 

w

 
(a) Calculated data of a generated horizontal force at FW-EM 

ated horizontal force. 
 
 
4.3 The calculation of one cycle displacement 

at each EM 
By applying (49)-(56) to (45)-(48), the total 

displacement to the horizontal direction of the 
FW-EM, (uF)tot and BW-EM, (uB)tot can be calculated 
about one cycle taking all effective components into 
consideration. The total displacement about one cycle 
has PA. 
Hence, we propose (57) and (58) for the calculation of 

 the 
W-EM, (uF)one_cyc and the BW-EM, (uB)one_cyct. From 
ese results, the resolution of an NPA can be 

 

s
(FF)n.e, (
and at the BW-EM 
(FF)n.r.e, (FB)n.r.e : the normal residual EM forces at the 
FW-EM and at the B
 

The simulated results of mec
th

ith the varying input electrical source to an EM. The 
sign of the listed values follows the arrow directions of 
Fig. 10. 

(b)Calculated data of a generated horizontal force at BW-EM 
 
a generFig.11. Calculated results of 

the same meaning as the resolution of an N

one c
F

ycle mechanical total displacement of

th
simulated. 

) ( ) ( ) contotFexptotFcyconeF uuu ___ +=
                 (57) 

 
( ) ( ) ( ) contotBexptotBcyconeB uuu ___ +=

          
(58) 
 
where, 
(uF)tot_exp: the total displacement to the horizontal 
direction of the FW-EM when the piezoelectric 
ceramic expands  
(uF)tot_con: the total displacement to the horizontal 
direction of the FW-EM when the piezoelectric 

mic contracts  
(uB)tot_exp: the total displacement to the horizontal 
direction of the BW-EM, when the piezoelectric 
eramic expands 

con: the total displacement to the horizontal 
irection of the BW-EM, when the piezoelectric 

 contracts. 

olution, of an NPA is calculated by 

cera

(

 
Fig.10. Diagram of mechanical displacement relation in the NPA. 

 
 

c
(uB)tot_
d
ceramic
 

Finally, the mechanical one cycle displacement, in 
other words the res
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using (57) and (58) and TABLEⅡ- TABLEⅢ. The 
simulated data and the experimental data of the one 
cycle total displacement are shown in Fig. 12 and 

the internal and the external 

Fig.12. One cycle displacement obtained by the simulation and the 

 
 

4.4  

 
In this a 

speci the 

manual-m ode. The 
manual 
ma s 
need by 
setting a start-line, a mid-line, and an end-line and by 
determining the frequency values at each section, as 

forw M) and Fig.16 and Fig.17 show 
hen the backward-mode (BWM) of an NPA.  

shown in Fig.13. The user enters a low frequency 

d by 
c

 
Fig.13. Auto-control mode of a NPA  the use of a cell manipulator, in 

Fig.14. Experimental data of  the direct change of speed. 

TABLEⅣ with varying the input electrical source of 
the EM. The result of the simulation, which has been 
calculated by the proposed method, fitted with the 
experimental data. This proved that the explained 
complex working mechanism, which is the impact and 
inchworm, taking 
effective components into account is correct and the 
proposed analysis methodology is reasonable. 
Therefore, it can be applicable to many other kinds of 
actuators which use the similar working mechanisms. 
 

 

experiment, according to the varying input current to the EM. 

The application of the NPA for a specimen
manipulator 

 research, we suggested the NPA for 
men manipulator. Therefore, we set up 

NPA’s control mode for two types. One is the 
ode and the other is the auto-m

mode is just controlling the NPA’s needle 
nually. The auto-mode is controlling the NPA’

le automatically to manipulate specimen 

shown in Fig.13-Fig.17. Fig.13-Fig.15 show when the 
ard-mode (FW

w
In case of a FWM, the fast speed is needed when a 

needle approaches to a specimen. Therefore a user sets 
a start-line and a mid-line as shown in Fig.13. Then a 
user enters a high frequency value for the fast FW 
speed of a needle at this section. When a needle pricks 
a specimen, a slow speed is needed to avoid breakage 
of a specimen. Therefore, a user sets an end-line, as 

value for the slow FW speed of the needle at this 
section. In the FWM, there are two speed change 
methods. One is the direct change of a speed by 
changing the frequency directly as shown in Fig.14. 
The other one is the gradual change of spee
hanging the frequency gradually as shown in Fig.15.  

In the case of a BWM, the slow speed is needed until 
the time before a needle gets out of a specimen to 
avoid the breakage of a specimen. Therefore a user 
sets a start-line and a mid-line as shown in Fig.16. 
Then a user enters a low frequency value for the slow 
BW speed of the needle at this section. After the 
needle gets out of a specimen, the fast speed is needed. 
Therefore, a user sets an end-line, as shown in Fig.16. 
And a user enters a high frequency value for the fast 
BW speed of the needle at this section. In the BWM, 
the speed is changed directly by changing the 
frequency directly as shown in Fig.17. 

From the experimental results, as shown in 
Fig.13-Fig.17, we validated that the proposed NPA is 
possible to use for a specimen manipulator. 

 

 for
case of FWM. 

 

 
 Fig.13, n case ofi
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Fig.15. Experimental data of Fig.13, in case of the gradual change of 

 
Fig.

 
 

5 
is 

 
lex 
ive 

co d 

si
al 

sy A 
 

F
size, cost, and so on, the reasonableness of a clarified 

m echanism taking all effective 
d the adequacy of 

t

ctuator in the aspects of size, cost, 
a

nes is now 
p

speed. 
 

16. Auto-control mode of a NPA for the use of a cell manipulator, in 
case of BWM. 

 

 
Fig.17. Experimental data of Fig.16, in case of the direct change of speed. 

inally, the effectiveness of an NPA in the aspects of 

c plex working m
components into consideration, an
he proposed analysis method have been validated by 

comparing these outcomes with experimental data. 
Also, the possibility of an NPA for a specimen 
manipulator is validated by experiment.  
To summarize, the significant research results are as 

follows. The NPA has been verified as an effective 
precise positioning a
nd so on. The possibility of the NPA for a use for a 

specimen manipulator has been validated by 
experiment. The three contact mechanism of an NPA 
is proposed and it is verified that this mechanism 
reduces the manufacturing cost and guarantees the 
mechanical stability of the NPA. It is also noteworthy 
that we have clearly clarified the complex working 
mechanism, the impact and inchworm, by taking all 
effective components into consideration. Therefore 
the exact and effective characteristic analysis and 
design of an NPA and similar machi

ossible.  
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