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Abstract 
Goniometric elastic stages provide high accuracy angular positioning along one or more rotation axes. One 

of the main accuracy characteristics is the deviation of the center of rotation. There are many factors that could 
impact this characteristic like material, geometry and position of the elastic guides, load, position of the applied 
force for the movement, manufacturing process, etc. As main factor that could have effect on design and 
accuracy of the elastic module, the position of the applied force e.g. position of the linear actuator and it effect 
on deviation of the center of rotation is subject of this paper. Based on the finite element analysis, different 
positions have been studied. These results are important as there are many cases where the position of the 
applied force can’t be on the optimal theoretical position or there are different deviations during production or 
assembly that could have impact on the accuracy/deviation of the center of rotation. 
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INTRODUCTION 
    The deviation of the center of rotation 

of a goniometric positioning system is a 
critical characteristic that defines its ability 
to precisely control and measure angular 
movements. Its accuracy is influenced by 
several factors and is typically specified in 
terms of angular precision, repeatability, 
resolution, stability, load capacity and its 
effect on the accuracy. The design of the 
goniometric elastic module is monolithic, 
based on the four-link compliant 
mechanism. The monolithic design 
eliminates any error caused by assembly of 
the elastic elements. The developed 
goniometric system is shown on Fig. 1. The 
working principle of the goniometric 
module is as follows: the angular rotation is 
carried out as the realized displacement 
from the micrometric screw 3 is transmitted 
to the coupled elastic module 2 by means of 
a rod 5 with conical tips at both ends. 
Spring 4 provides the contacting force. The 
elastic module is fixed to the base 6 by 
supports 7. The plate 1 is fixed to the elastic 
module, which tilts at a certain angle 
depending on the movement of the 
micrometric screw 3. 

Fig.1. Micro-positioning goniometric 
compliant elastic module 

This plate is used to provide a larger useful 
area, as well as to fasten elements on it, 
therefore, for greater convenience, threaded 
holes are provided, through which the 
positioned or measured objects are 
fastened.  

The scope of this paper is the analysis of 
the behavior of the module in case the 
position of the applied force is different. 
This could help during development of such 
a module to select the best position in case 
there are different constrains that are not 
allowing to select the optimal theoretical 
position.  
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EXPOSITION 
Simulation analysis scheme 
The analysis scheme is developed so that 

it can represent the real application of the 
goniometric elastic module. In this 
simulation study the finite element method 
(FEM) has been used. The test scheme is 
shown on Fig. 2. The two developed 
modules have monolithic design with 3 and 
1 couples of elastic guides coupled in 
trapezoidal shape. The module is loaded on 
the surface where the micrometric screw is 
contacting the elastic module and the non-
movable part of the module is fixed. For the 

 
 

 
 

 
 
Fig.2. FEM analysis scheme of the goniometric 

elastic modules 
a) with 3 pairs of elastic guides (two cuts 

in the middle) 
b) with 1 pairs of elastic guides (without 

cuts in the middle) 
 

elastic module with cuts in the middle the 
fixed geometry is on the top surface marked 
with green arrows but for the elastic module 
without cuts the fixed geometry is the 
bottom plate again marked with green 
arrow. This case study represents almost 
exactly the real behavior of the module in 
the application. Used design for the FEM 
calculation is simplified to improve the 
time for calculation. The vertical forces 
shown on the scheme represents the loading 
of the upper base where a sample or 
part/system for analysis could be mounted.  

 
Deviation of the center of rotation in 

case different positions of the applied 
force is used 

A key parameter for the goniometric 
module is the position of the rotation axis. 
It is important during angle measurement or 
positioning and the error should be 
minimal. This error has impact directly on 
the accuracy of the system. Position of the 
center of rotation is influenced by many 
factors - position of applied force point (e.g. 
position of the micrometric screw), 
dimensions and geometry of the elastic 
guides, load capacity. As this deviation of 
the center of rotation is a key accuracy 
indicator, a study to show its behavior 
during application is performed in case 
different positions of the applied force are 
set.  
 

 
 

Fig.3. Positions of the applied force 
 
Deviation of the center of rotation is 

captured along X and Y axis. The positions 

a) 

b) 
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and the values of the applied force are 
changed according the same scheme used in 
the study for the transfer curve (positions 1 
to 3, Fig. 3).  

Obtained results where deviation of the 
center of rotation along X and Y axis in 
case different position of the applied force 
e.g. different position of the micrometric 
screw and different angles are set are shown 
on the graphics Fig. 5-10. 

 

 
Fig. 4. Scheme for calculation of the center of 

rotation using coordinates of two points 
 
Calculation of the instantaneous center 

of rotation is based on the scheme shown 
on Fig. 4. The coordinates Xk and Yk of the 
instantaneous center Сk of rotation in a 
given plane are determined based on the 
measured coordinates of two points of the 
working platform lying in this plane 
perpendicular to the axis of rotation in two 
positions of the platform before and after its 
rotation by an angle ϕ - point A1 (XA1, YA1) 
and point B1 (XB1, YB1) and respectively 
point A2 (XA2, YA2) and point B2 (XB2, YB2) - 
(Fig. 4). 

In this case calculation of the 
coordinates Xk and Yk of the instantaneous 
center Сk of rotation is based on the 
following formulas: 

 
𝑥𝑥𝑘𝑘 = (𝑥𝑥𝑀𝑀−𝑦𝑦𝑀𝑀.𝑡𝑡𝑡𝑡𝛼𝛼).𝑡𝑡𝑡𝑡𝛽𝛽−(𝑥𝑥𝑁𝑁−𝑦𝑦𝑁𝑁.𝑡𝑡𝑡𝑡𝛽𝛽).𝑡𝑡𝑡𝑡𝛼𝛼

𝑡𝑡𝑡𝑡𝛽𝛽−𝑡𝑡𝑡𝑡𝛼𝛼
;    (1)    

 
𝑦𝑦𝑘𝑘 = (𝑥𝑥𝑀𝑀−𝑦𝑦𝑀𝑀.𝑡𝑡𝑡𝑡𝛼𝛼)−(𝑥𝑥𝑁𝑁−𝑦𝑦𝑁𝑁.𝑡𝑡𝑡𝑡𝛽𝛽)

𝑡𝑡𝑡𝑡𝛽𝛽−𝑡𝑡𝑡𝑡𝛼𝛼
,                (2) 

where: 

𝑥𝑥𝑀𝑀 = 𝑥𝑥𝐴𝐴1+𝑥𝑥𝐴𝐴2
2

;  𝑦𝑦𝑀𝑀 = 𝑦𝑦𝐴𝐴1+𝑦𝑦𝐴𝐴2
2

;              (3) 
 
𝑥𝑥𝑁𝑁 = 𝑥𝑥𝐵𝐵1+𝑥𝑥𝐵𝐵2

2
;  𝑦𝑦𝑁𝑁 = 𝑦𝑦𝐵𝐵1+𝑦𝑦𝐵𝐵2

2
;              (4) 

 
𝑡𝑡𝑡𝑡 𝛼𝛼 = 𝑦𝑦𝐴𝐴2−𝑦𝑦𝐴𝐴1

𝑥𝑥𝐴𝐴2−𝑥𝑥𝐴𝐴1
;  𝑡𝑡𝑡𝑡 𝛽𝛽 = 𝑦𝑦𝐵𝐵2−𝑦𝑦𝐵𝐵1

𝑥𝑥𝐵𝐵2−𝑥𝑥𝐵𝐵1
.        (5) 

 
Based on these formulas the calculated 

position of the instantaneous center of 
rotation on the zero position or in case there 
is no load on the goniometric module is 
16,98 mm measured from the top plane of 
the working platform. This parameter 
should be taken into account when the 
goniometric module is used in the 
application. During the performed study the 
instantaneous center of rotation is 
calculated based on the taken coordinates of 
two points from the working platform 
during deformation of the monolithic elastic 
module. These coordinates are taken using 
the simulation analysis scheme shown on 
Fig. 2. And calculated deviation of the 
center of rotation is captured. For the 
purpose of the study three positions are 
taken – upper, lower and one in the middle 
(position 1, 2 and 3, Fig. 3). On Fig. 5 are 
shown the results of the study if the applied 
force is placed on position 1 for the both 
elastic modules – with cuts in the middle 
and without cuts. Deviation of the 

 

 
 

Fig. 5. Deviation of the axis of rotation along X 
axis for the two designed modules for pos. 1 
1. Elastic module with 2 cuts in the middle 
2. Elastic module without cuts 
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center of rotation of the elastic module 
without cuts in the middle along X-axis is 
0,32 mm, but the results for the elastic 
module with cuts in the middle show 
deviation of center of rotation along same 
axis less than 0,1 μm which relatively small 
difference (0,2 mm) but it is around 4 times 
less deviation resulting in higher accuracy; 
therefore, the paired module can guarantee 
good preservation of the position of center 
of rotation along X-axis. The graph clearly 
shows the difference in the rotation axis 
position error of the two modules, unlike 
the effect on the transfer curve, where there 
was almost no difference between the two. 
The situation along the Y-axis is different, 
where the two modules have approximately 
identical characteristics (Fig. 6). The 
deviation of the center of rotation is 0,05 
mm with less than 9 % difference between 
the two designed modules. The elastic 
module has slightly better performance 
along Y-axis, but when calculate the 
deviation along Y and X-axis combined, the 
elastic module with cuts in the middle show 
better performance. 

 

 
 

Fig. 6. Deviation of the axis of rotation 
along Y axis for the two designed modules for 

pos. 1 
1. Elastic module with 2 cuts in the middle 
2. Elastic module without cuts 
 
The same study has been done, but the 

position of the applied force has been 
changed (position 2 Fig. 3), the results are 
reflected in graphs 7 and 8 for the deviation 

of the center of rotation along X and Y-axis 
respectively. This is done in order to 
understand how the two modules change 
their behavior in case different positions of 
the applied force are used and whether there 
are situations where one module improves 
its performance over the other. On the 
graph (Fig. 7), the advantage of the elastic 
module with cuts in the middle is clearly 
seen, the X-axis error becomes 
approximately ten times smaller than that of 
the elastic module without cuts that is 
reaching 0,4 mm. The elastic module with 
cuts preserve its deviation in the same area 
under 0,1 mm Therefore, the influence of 
the position is more pronounced in the 
elastic module without cuts and the error in 
it is larger. This position is in the lower end 
of the elastic module, so in this point the 
deviation of the center of rotation is 
expectable to be the largest one. 

 

 
 

Fig. 7. Deviation of the axis of rotation 
along X axis for the two designed modules for 

pos. 2 
1. Elastic module with 2 cuts in the middle 
2. Elastic module without cuts 
 
The results on the Y-axis are a little 

different than these on X axis (Fig. 8). The 
deviation of the center of rotation is 
comparable for the both elastic modules. 
The results are almost the same as these for 
the previous position of the applied force 
(position 1) and the deviation is reaching 
values around 0,05 mm with less than 9 % 
difference between the two designs with 
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slightly better performance of the elastic 
modules without cuts. The only difference 
that is observed is that the graph of the 
elastic module with two cuts preserve better 
its linearity. In addition to this if the 
deviation is calculated along both axes 
combined, the module with two cuts has 
less deviation.  

 

 
 

Fig. 8. Deviation of the axis of rotation 
along Y axis for the two designed modules for 

pos. 2 
1. Elastic module with 2 cuts in the middle 
2. Elastic module without cuts 
  

Similarly, the research was done for 
position 3 (Fig. 3) as a selected point for the 
applied force. The results for the deviation 
of the center of rotation are reflected in 
graphs 9 and 10 for X and Y axis 
respectively.  
 

 
 

Fig. 9. Deviation of the axis of rotation along X 
axis for the two designed modules for pos. 3 
1. Elastic module with 2 cuts in the middle 
2. Elastic module without cuts 

At the top position (pos. 3), the deviation 
of the two elastic modules equalizes, the 
deviations of the module without cuts is 
decreasing, and the deviations of the 
module with cuts remain their values within 
the same, reaching 0,2 mm. The deviation 
of the center of rotation for the elastic 
module with cuts in the middle are 
comparable with the previous two studied 
cases and is reaching similar values around 
0,1 μm. This means that the elastic module 
with cuts preserve its deviation along X-
axis better when it is used as a design for 
larger displacements. 
 

 
 

Fig. 10. Deviation of the axis of rotation along 
Y axis for the two designed modules for pos. 3 

1. Elastic module with 2 cuts in the middle 
2. Elastic module without cuts 

 
The deviation of the center of rotation 

along Y-axis for position 3 of the applied 
force is showing that there is almost no 
difference between the two designs. Both 
modules have deviations of approximately 
0,045 mm. Moving the position of the 
applied force closer to the center of rotation 
is decreasing the working range of the 
modules e.g. obtained angle positioning and 
is minimizing the deviation of the center of 
rotation especially observed for the design 
without cuts.  

   
CONCLUSION 

Working range and deformations are 
larger if the position of the applied force, 
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e.g. position of the micrometric screw is 
placed lower (large distance from the center 
of rotation) but the deviation of the position 
of the center of rotation is increasing. The 
elastic module with two cuts is less 
influenced in this regard and has less 
deviation in case the working range e.g. 
obtained angle positioning is enlarged. 

The design with two cuts shows better 
performance in case larger angle 
displacement is needed with less deviation 
of the center of rotation. 

The two elastic modules have linear 
transfer curve, but this with two cuts 
provides more accurate position of the 
center of rotation in various situations that 
may arise (most often inaccurate 
positioning of the micrometer screw from 
incorrect installation). 
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