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ABSTRACT 
 
We report the design of a micro-motor driven by light 

that could be used as a g-force meter or navigation 
instrument in space applications. The new design, based on 
a scale of micro-machines fabrication, takes into  
consideration the concept of radiation pressure as a method 
of actuation. The materials selected reduce friction and 
increase reflectivity of the structure, allowing a better 
conversion of the radiant energy into movement. 
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1 INTRODUCTION 
 
The photon, being a particle with zero rest mass, was 

described early on the last century as the responsible for the 
mechanical pressure produced by light. Travelling at the 
speed of light, its momentum is directly proportional to its 
frequency as showed by Compton in 1922 [1]. In this sense, 
how much of that momentum can we transform in 
mechanical movement? It all depends on the material that 
those photons will impact and at what angle this interaction 
takes place. As shown in Equation (1), the reflectivity of 
the material plays a main role in the amount of momentum 
that can be transferred to any object in form of pressure [2]. 
This parameter also depends on the frequency, providing 
certain limitations on effectiveness when choosing 
materials. 

 

 
 

Where R: Reflectivity index (1 – total reflection,  0 – total  
                transparency) 

     I:  Light intensity 
     c:  Speed of light 
 

2 MEMS OPTICAL MOTORS 
 
One of the biggest limitations of the widespread use of 

rotating or moving MEMs is the wear and tear produced by 
interaction or friction during operation [3-4]. Due to the 
dimensions involved, this is particularly important not only 
in mechanical terms but also in electrostatic too. The 
possibility of having a structure that increases its 
electrostatic charge due to its movement at micro meter 
level, not only can be structurally devastating when in 
contact with other components, but can also modify the 
desired response of the whole unit.  

Few attempts of mechanical design of light driven 
MEMs motors have been reported in the literature [5]. The 
amount of torque that can be obtained in any structure of 
these dimensions is so low that gives to conventional design 
ideas a very bad start point. For example, a simple laser 
with an intensity of 5x106 [W/m2] can produce a torque on 
a micrometer level of approximately 10-18 [N-m], which 
doesn’t take into account a friction component that will 
lower even more the expectance of any movement. With 
regular Silicon structures, this means practically no 
movement at all, making this kind of configuration not 
suitable for any kind of conventional application.  

In recent years, new designs and use of new materials 
have opened the field to fresh ideas, including spacecrafts 
driven by light [6]. In the area of MEMs, the use of light as 
an actuation method has been limited to optical tweezers for 
the most part, having a reduced number of examples on 
implementation of MEMs driven directly by light. 

In this sense, an optical micro motor can be a very 
useful tool in non-tripulated spacecraft, serving as a 
guidance system to find orientation respect to the sun or 
planets or the surface of the Earth.  

 
3 DESIGN 

 
The first step for the design took into consideration the 

shape of the structure to be utilized. In this case the 
structure selected for the moving part has a form of a 
typical rotor as shown in Figure 1. 

 
Figure 1 Typical rotor structures of Micromotors 

 

This kind of structures has been utilized in the past 
without an elaborate design behind the implementation, 
giving “anecdotic” results [7]. The rotating part of the 
motor will be then mounted in a base which only purpose is 
to maintain the structure in place and to separate the 
rotating part from the base of the wafer. This base will also 
play a role in the reduction of the friction later on. 

 As it was mentioned in the introduction, when radiation 
pressure is used as an actuation method, one of the aspects 
to consider when it comes to increase the momentum 
transferred to any structure, is the angle of light coming in 
contact with its surface. In this case, the movement needed 

(1) 
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l = 2*9 µm + 6 µm  
d = 3µm 
 
Where d is the 
central diameter 

is tangential to the axis of rotation, making imperative that 
the incident light goes on that direction. A component of 
pressure in any other direction would contribute to the 
ongoing friction due to the weight of the structure.  

Our design starts with using 4 µm2 spot area for the 
incoming light. This selection defines the rest of the 
structure dimensions. To obtain maximum torque with the 
incident light, its incidence should be as far as possible 
from the center of the structure.  

It is critical to define whether the structure during 
rotation will be away (no light comming) from the laser 
beam. This is due to the fact that the light spot is just a 
fraction of the arm’s length, pointing to the end of the arm, 
to obtain a better value of torque. The addition of 4 more 
arms will increase the time that light incident will be in 
contact with the structure, increasing the time that the 
torque is being applied. As Figure 2 shows under this 
restriction an arm with a length bigger than 6.8 [µm] is 
needed. In this case, considering the fact that this has to go 
under micro machining process, an arm length of 9 [µm] is 
specified. With this value fixed, the rest of the dimensions 
are determined as showed in Figure 2.   

 
 
 
 
 
 
 
 
 
 

Figure 2 Dimensions diagram 
 
The final design of the structure has the form shown in 

Figure 3, where the red part represents the base of the 
motor. 

 
 
 
 
 
 
 
 
 
 

Figure 3 Final view of the structure 
 

4 MATERIALS 
 
The traditional material used in the fabrications of 

MEMs, mainly because of processing, is Silicon. The 
problem with this type of material, in a light driven 
structure, is its amount of reflectivity. Table 1 [8] shows 
reflectance index for different materials. As it is shown, 

Silicon reflectivity is around 20-60% depending on the 
frequency of the incident light. 

Figure 4, on the other hand, shows a reflectivity of 
approximately 90% for Aluminium in almost all the spectra 
[9].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Reflectance of Aluminium compared to Gold 
 
As it was mentioned in the introduction, Aluminium 

deposition is a common process in today's wafer fabrication 
and has become one of the materials of choice, besides 
gold, for micro mirrors. The main difference with gold is 
the density of the material. 

As noted in Table 1, the density of gold is almost 10 
times higher than Aluminium with similar reflective 
qualities. In this sense a material with less density would be 
more beneficial when it comes to reduce the friction torque 
due mainly to the weight of the structure.  

 
Material Density (g/cm3) Reflection Index 

Au 19.32 0.9 
Ni 8.88 0.4 
Si 2.33 0.2-0.6 
Al 2.70 0.9 

 
Table 1 Density and Reflection of metals considered  
 
In terms of processing, Aluminium can be deposited in 

Silicon using Deep Reactive-Ion Etching (DRIE), but can 
incur in corrosion and electrostatic charging especially 
when it comes to rotating structures [10]. To avoid this 
problem, a coating material must be selected. A relatively 
new material, octadecylphosphonic acid (ODPA), not only 
lowers the already small value of friction, but also acts as a 
protective layer reducing the adhesiveness because of 
electric charging and possible corrosion. As Figure 5  
shows, the material attaches itself chemically to the 
Aluminium keeping its adhesion to Aluminium longer that 
a non adhesive lubricant [11].  

Due to the fact that the Aluminium structure will be in 
contact with the Silicon base when rotating, a coating 
material that ensures low friction and electrical insulation 
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must be selected too. In this case the material of choice is a 
derivative of perfluoropolyoxyalkane, known as Z-DOL 
[12]. In this case, the polymer coating can be done using a 
dipping process [13]. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Chemical bonding between ODP and Aluminium 
(left) and friction coefficient (Right) 

 

As Figure 6 shows Z-DOL has a very small friction 
coefficient and, by its nature, provides a barrier for 
electrostatic interaction too. Figure 7 shows how this 
material also bonds chemically to Silicon, providing a 
lasting lubrication and insulation effect. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Z-DOL Friction coefficient 
 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 7 Chemical bonding between Si and Z-DOL 
 

Once the rotating structure has been successfully coated 
with aluminium its rigidness makes unnecessary to keep the 
Silicon interior in place. If the silicon part of the structure is 
eliminated, the weight is reduced significantly, lowering the 
amount of friction present. This can be done easily with an 
etching process. The result is a hollow Aluminium structure 
as shows in Figure 8.  

The final assembly of the individual parts can be done 
using a regular laser driven technique [14]. 

 
 
 
 
 
 
 
 
 

Figure 8 Aluminium hollow structure proposed 
 

5 MODELING 
 
To estimate the performance of this structure we need to 

model its behaviour when interacting with light.  
One of the first steps is to calculate all the torques 

involved in the process. The friction torque is mainly due to 
the weight of the structure. The weight of the structure is 
obtained using the measurements detailed in Figure 9. 

 
 
 
 
 
 
 
 
 
 

Figure 9 Dimensions of the final design 
 

Using the mass of the structure, obtained with Equation 
2, an expression for the friction torque is obtained. 

 
 
 

 
 
 
 
Where  d=d+2*t   d2= d2-2*t   l=l+t   w=w+2*t   h=h+t and 

       M: mass of the structure 
      Ro: density of the material (aluminium) 
   db,d: external diameter of the structure (with coating) 
        h: height of the structure 
      d2: Internal diameter (close to base pin) 
         t: Thickness of the coating 
       w: width of the arm 
         l: length of the arm 
 

Equation 3 show that the friction torque as function of 
the structure distributed weight in the central portion of the 
structure. This torque is directly proportional to the 
gravitational acceleration, and as Equation 4 shows, its 
value depends on the altitude where the object is. 
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Where   G: Gravitational acceleration Constant 
            mE: Mass of the Earth 
             rE: Radius of the Earth 
             H: Altitude where the acceleration is measured 
 

Another torque to be considered is the torque due to 
interaction with air. The amount of viscous friction when 
rotating in presence of air depends on the amount of the 
surface exposed. The viscous friction torque over a disc 
rotating at a speed w is shown below [15]. 

 

 
 

Where:   ρ : Density of air 
               υ : Viscosity of air 
               r : Radius of the structure 
 

Using values for a typical laser with a spot size of 4 
[µm2] with an intensity of 5x106 [W/m2], the radiation 
pressure torque is given by: 

 

 
 

 

Therefore, the final equation of movement is given by: 
 

 
 

 

As shown in Figure 10, this provides a direct relationship 
between the speed of the structure and the altitude of the 
device. 

 
Figure 10 Altitude vs speed variation for the structure 
 

6 CONCLUSIONS 
 

The design of a micro motor driven by light used as a g-
force meter has been presented. The novelty of this design 
resides in the hollow Aluminium structure that increases the 
radiation pressure’s effect on movement. The reflectivity at 

different frequencies gives flexibility on the laser type 
selection process. The change on speed of the structure with 
gravitational acceleration variation, makes this design 
suitable for application where changes on g-force need to 
be detected, such as aircrafts’ altimeters or planets 
proximity detection. 
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