
 

 

 

  

Abstract— In this paper a study is conducted on the force 

capabilities of centripetal force actuated microrobotic 

platforms. The aim is to exploit the centripetal forces generated 

by platform mounted vibrating micro-motors for 

micromanipulation purposes. First, an overview of the platform 

dynamics and motion capabilities is presented. The type of 

forces generated by the actuation mechanism as well as due to 

the impulsive interaction with the working environment are 

studied. Then design steps are proposed for (i) the reduction or 

elimination of undesired impulsive forces, (ii) the attenuation of 

the force ripple transmitted to the manipulated object. The 

outcome is a smooth, controllable force transmitted to the 

manipulated object. A cantilever is mounted on the platform 

and preliminary experiments are conducted. 

 

I. INTRODUCTION 

In the last decade, micro-robotics has become an 

increasingly important field of research. Domains of 

application such as micro fabrication, biotechnology, 

microscopy and opto-electronics, demand miniaturized or 

micro-robotic platforms that provide ultra high precision, 

flexibility and a wide mobility range [1]. Furthermore, 

scientists that are involved in the emerging nano-technology 

will require a variety of novel tools to probe and manipulate 

their invisible specimens. To this end, extensive research has 

been carried out on the design and realization of both micro-

manipulators and micro-robots. Motion principles and 

actuation mechanisms that combine sub-micrometer motion 

of high resolution and the speed virtues of coarse positioning 

have been the subject of intensive studies. Accurate 

manipulation of microspecimens not only requires sub-

micrometric precision but also demands good understanding 

and control of the dynamics and the forces that are 

developed during manipulation. Therefore the study of the 

force capabilities of such microrobotic platforms and their 

manipulators is a very important part of the design and the 

implementation process [2,3].  

Several micro-actuation techniques have been devised and 

are usually based on smart materials such as piezo-electric 
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actuators, shape memory alloys, etc. The most popular 

micro-positioning motion mechanism is the stick-slip 

principle [4], which is implemented using piezoelectric 

actuators. This principle is employed by the MINIMAN 

micro-robot presented in [5]. These platforms are capable of 

positioning accuracy of less than 200nm and provide 

velocities of up to a few mm/s. The impact drive principle (a 

variant of stick-slip principle) is employed by the 3DOF 

micro-robotic platform Avalon, which provides step size of 

about 3.0 μm and speeds up to 1 mm/s and is presented in [6-

7]. A different motion mechanism based on piezo-tubes is 

utilized by the Nano Walker micro-robot presented in [8]. 

The first prototypes of this micro-robot were capable for 

minimum steps of the order of 30 nm and demonstrated a 

maximum displacement rate of 200 mm/s. Possibly MiCRoN 

is the most advanced example of microrobotic platform, 

employing piezoelectric actuators, with integrated 

micromanipulator and is presented in [9-10].  

Although piezoelectric actuators seem to be the favoured 

smart material for micro-positioning and do provide the 

required positioning resolution and actuation response, they 

usually suffer from complex power units that are expensive 

and cumbersome and which do not easily allow for 

untethered operation. In [11] the authors proposed a novel, 

simple and compact micro-robot that according to the theory 

in [12] is able to perform translational and rotational sliding 

with sub-micrometer positioning accuracy and velocities up 

to   1.5mm / s . All the components of the mechanism 

including its driving units, are of low cost and readily 

available. The range of manipulation tasks of the platform 

presented in [12] involves several pushing operations such 

as positioning and aligning, with submicrometer precision, 

electro-optical miniature components whose weight ranges 

from a few milligrams to a few grams.  

This paper presents results of the research carried out on 

the force capabilities of the microrobotic platform 

introduced in [12]. The contributions of this paper are: i) the 

analysis on the force capabilities of a platform actuated by 

vibration motors. ii) the derivation of design guidelines for 

the generation of smooth controllable forces, which can be 

used for micromanipulation tasks. iii) experimental 

validation of the theoretical results.  

Paragraph II presents an overview of the platform 

dynamics and its motion capabilities. Paragraph III examines 

the type of forces generated due to the actuation mechanism 

as well as due to the impulsive interaction with the working 
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environment. Design steps are proposed for (a) the reduction 

or elimination of undesired impulsive forces, (b) the 

attenuation of the force ripple transmitted to the manipulated 

object. Paragraph IV describes a preliminary experiment 

where the theoretical assertions are validated. The 

conclusions of this work are presented in paragraph V. 

II. PLATFORM DYNAMICS 

Motion principle: The innovating actuation principle of the 

micro-robot is elaborated in [12]. What follows is a brief 

description of the physics that govern the motion principle. 

A simplified 1 dof mobile platform of mass M is used, 

whose motion mechanism employs an eccentric mass m, 

rotated by a platform mounted motor O, as shown in Fig. 1. 

One cycle of operation is completed when the mass has 

described an angle of  360 . 
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Fig. 1 Simplified 1dof platform with rotating mass m . 

 

Gravitational and centripetal forces exerted on the rotating 

mass are resolved along the y-z axis to yield: 

 
foy = mr

2 sin

foz = mg mr 2 cos
 (1) 

where g is the acceleration of gravity and r  the length of the 

link between m and O. Above a critical value of actuation 

speed critical  actuation forces overcome frictional forces and 

motion is induced. It has been shown analytically that the 

motion step the platform exhibits over a cycle can be made 

arbitrarily small depending on the actuation speed , [12]. 

Accordingly it has been demonstrated that the platforms 

motion resolution can be of submicrometer accuracy, 

[11,12]. Further reduction of resolution is hindered by the 

limited resolution of the electronics and by the non-uniform 

distribution of the surface coefficient of friction μ .  

 

Platform dynamics: The actuation principle mentioned 

above was employed to the design of a 2dof micro-robot 

[11] as shown on figures 2a and 2b. 

 

   
Fig 2. Platform: a. Lateral view  b: Underside 

The dynamics of the platform are provided in a compact 

matrix form by the usual Newton Euler equations [13]: 
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where R  is a rotation matrix, 
p
is the platform angular 

velocity, I
b

is its inertia matrix, and [ , , ]=v
T

x y z  is its 

center of mass (CM) position in the inertial frame.  The 

subscripts i = {a,b, c}  correspond to frictional forces at the 

three contact points of the platform and i = {d, e}  

corresponds to the two actuation forces generated by the two 

vibrating motors. During analysis equations are simplified 

due to planar motion 

III. GENERATION OF MANIPULATION FORCES 

In the previous paragraph the platform employed the 

centrifugal force actuation purely for accelerating itself in a 

controlled manner, i.e. for locomotion purposes. In this 

section it is demonstrated how these forces and the 

momentum acquired by the moving platform can be 

exploited for applying forces to microobjects. The primary 

goal is to generate controlled forces whose magnitude lies 

within the range of 50 to 500 mN and which can be used for 

primitive microassembly tasks such as pushing or aligning 

microobjects with sub-micrometric positioning accuracy. To 

this end a needle-type cantilever micromanipulator is 

mounted on the platform as shown in Fig 3a. Its diameter is 

350μm, its length is 0.5cm and has a needle tip of 50 μm.  
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Fig. 3. a: Needle type cantilever  b: Dynamic model 

 

The generation of controlled manipulation forces poses a 

great challenge to the platform, which due to its driving 

principle, is constantly subjected to oscillating motion and to 

vibrating forces. First, the range and type of actuation forces 

is determined and second, the transmissibility characteristics 

of the platform-manipulator-object system are examined.  

A. Force generation 

An object that is been pushed by the platform is liable to 

experience two different type of forces: (i) the centrifugal 

actuation forces during contact and (ii) the impulsive forces 

due to successive impacts during the pushing operation.  

Centrifugal actuation forces: The maximum centrifugal 

actuation forces that can be applied by the platform 

correspond to those forces that are exerted when the 

platform is blocked and produces zero motion. These are 
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called blocking forces and their maximum value has been 

analytically expressed as a function of actuation speed . 

These are plotted in Fig. 4a. It is also interesting to consider 

the max load mass that can be pushed by the platform as a 

function of actuation speed, . This relationship has been 

derived analytically -by considering the critical case where 

sliding of the platform and of the object is impeding and 

friction has reached its static limit- and is plotted in Fig. 4b 
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Fig. 4 Forces: a. Blocking     b. Max load mass  

 

In both graphs the upper bound actuation speed is imposed 

by the condition of static equilibrium along the vertical axis 

of the platform [12], i.e. greater actuation speeds result in 

tipping of the platform. The lower speed bound can be 

interpreted as the lowest actuation speed for which the 

centrifugal forces counteract the frictional forces and thus 

motion is induced. It is observed that the masses that can be 

conveyed by the platform are comparable to the mass of the 

platform.  

 

Impulsive forces: The impulsive forces depend on the 

properties of the materials in contact. These affect the 

coefficient of restitution and also the relative velocity 

between the two bodies immediately before the impact. 

However the platform’s approaching velocity right before 

the impact can have any random value in the feasible range 

of platform velocities, thus the amplitude of the 

corresponding impulsive forces is not easily predictable. It is 

useful though to have knowledge of the maximum impulse 

that an impact may exhibit as a function of the actuation 

speed  and furthermore to simulate the impact and examine 

the response of the platform and of the object.  

To this end the impact is modeled by the lumped 

parameter model depicted in Fig. 3b. The platform and the 

object are considered as rigid bodies having mass M and m 

respectively. For reasons of simplicity, it is assumed that the 

actuators are synchronized and thus no actuation moments 

are produced. Also it is assumed that the platform and the 

object are constrained to move along the x-axis only. At 

some instance, the platform may or may not be in contact 

with the object, in the latter case, the platform and the object 

behave as a single body. During contact the manipulator 

mass is incorporated into the object’s mass and the dynamic 

equations are given in a compact state space form by: 

 
 
x = Ax + Bu +Gf fr  (3) 

where 
 
x = [xM , xM , xm , xm ]

T
, A is the system matrix 

containing mass-spring-damper constants, B and G are 

vectors that scale the input actuation force u (as given by 

Equ. 1) and the friction force f fr  described by the Coulomb 

model. Using numerical simulation of this model, the graph 

of maximum impulsive force versus actuation speed  was 

generated and is presented in Fig. 5. 
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Fig. 5 Maximum impulsive forces 

 

The dynamic behavior of the pushing operation is examined 

through numerical simulations using the physical parameters 

presented in Table 1. The displacements of the platform and 

of the object are depicted in Fig. 6.  

 
TABLE 1 

Parameter Value Parameter Value 

M 0.1       [kg] k 2.5 106  [N/m] 

m 0.001   [kg] b  200       [Ns/m] 
μ  0.1  800        [rad/s] 
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Fig. 6. Displacement and velocity of platform and object along x-axis. 

 

In the first plot, the blue solid line represents the position of 

the point of contact on the manipulator tip and the red 

dashed line represents the position of the point of contact on 

the object. The platform initially is located at a distance of 5 

μm away from the object and initially both platform and 

object are at rest. The third plot of Fig. 6 shows the 

velocities developed. It is observed that the object -whose 

mass is 100 times smaller than the platform’s mass- 

develops instantaneously high velocity contrary to the 

platform whose velocity is slightly reduced. Figure 7 

presents the forces applied to the object and to the 

manipulator. 
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Fig. 7. Forces developed on the platform and the object. 

 

The first plot demonstrates the impulse train that is applied 

to the object. As expected this train includes purely pushing 

forces only, i.e. the object cannot be pulled by the platform. 

The third plot of Fig. 7, demonstrates the forces that are 

experienced by the platform itself. Interestingly the force 

profile that the manipulator tip senses is richer than that of 

the object. This indicates that the platform and the object are 

in contact only during the impact period. In most 

applications actuation forces in the form of an impulse train 

are undesirable because the impulse magnitude is not 

predictable, it results in severe damage or wear of the pushed 

object and additionally gives rise to uncontrolled impulsive 

motion. Therefore it is of great importance to reduce or even 

eliminate the undesired impulsive behavior of the platform. 

This has been achieved through appropriate design of the 

manipulator system. The basic design steps and guidelines 

are presented in the next section.  

B. Impulse reduction and ripple attenuation. 

Impulse reduction: The ideal force generation is the one, 

where the platform smoothly pushes the object, remains 

attached to it, and no bouncing takes place. In this ideal case, 

the forces applied to the object are smooth and continuous, 

the manipulator is compressed by continuous compressive 

forces whose amplitude vary according to the centripetal 

actuation forces and the relative velocity of the two moving 

bodies. In that case no impulses appear and the object is 

subject to the forces that are transmitted through the 

manipulator. The model of Fig. 3b is used to study the 

impact reduction and to provide design guidelines for the 

manipulator. To simplify the calculations, it is assumed that 

the object remains static while been pushed by the 

manipulator, in this case the solution to Equ 3. is 

approximated by: 

 y(t) = Ao + B cos( t + )  (4) 

The variable y(t)  represents the displacement of the tip of 

the manipulator, which in this case is continuously in contact 

with the object. The solution describes a periodic forced 

response about a center of oscillation A0 . Should  be large 

enough and k small enough, the manipulator is sufficiently 

compressed so that during oscillations its extension never 

exceeds its natural length. This is expressed mathematically 

by the following inequality: 

 A0 + B l0  (5) 

where B  is the oscillation’s magnitude and 
  
l
0

 is the 

manipulator’s natural length. The useful ranges for  and k 

were found by evaluating numerically the inequality (5). Fig. 

8 presents the plot of the inequality’s LHS versus k for 

= 900rad / s . In the following example 
  
l
0

 is 15mm. 
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Fig. 8 Values lhs of inequality 4 as a function of k. 

 

Hence, if during forced oscillations  and k  values lie 

within the range that satisfies the inequality, the manipulator 

remains compressed. Consequently the manipulator is not 

detached from the object and no impulses occur. The smooth 

peak the curve exhibits corresponds to the resonance 

frequency of the mass-spring-damper system.  Simulation of 

the dynamic model using appropriate values for the design 

variable k and the control variable , verifies the assertion of 

the impulse elimination. Figure 9 depicts results of 

simulation of the displacement and force for values 

= 900rad / s , k = 1 103 / m . The impulses have been 

eliminated, but the object is subject to forces with large 

ripple. 

 

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0.0273

0.0273

0.0273

0.0273

0.0273

D
is

pl
ac

em
en

t (
m

)

Time (s)

Initially not attached  ω = 900 rad/s, k = 1e3 N/m

Platform

Object

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0

0.005

0.01

0.015

0.02

F
or

ce
 (

N
)

Time (s)

Force exerted on the static object

 
Fig. 9 Impulse elimination. 
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Force ripple attenuation: The next step is to reduce the 

ripple of the transmitted force. This means minimizing the 

magnitude of the actuation force 
 
F

m
, which is expressed as:  

 
 
Fm = fk + fb = ky(t) + by(t)  (6) 

The analytical expression of Equ. 6 is quite lengthy and is 

omitted from the present paper. The general guideline 

deduced from the analysis of Equ 6. suggests that for 

impulse elimination and for force ripple attenuation the 

values of k and b must be as small as possible. The factors 

that hinder the extreme reduction of these coefficients are: 

(i) practical considerations such the selection of appropriate 

materials for the construction of the manipulator system and 

(ii) the time constant of the manipulator system which 

increases as the k value reduces (parameter b cannot be very 

adjustable when pursuing a simple design). Figure 10 depicts 

forces developed for k = 102  and b = 0.1 . 
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Fig. 10 Force ripple exerted on the object is suppressed. 

 

The final selection of the k and b design values has led to a 

transmitted force that is impulse-free and with attenuated 

ripple. Furthermore the mean value of the steady state of this 

force response can be controlled by suitably adjusting the  

value. The above analysis was done for a static object. When 

the object is movable and is displaced by the manipulator 

during the pushing operation, the analysis becomes more 

complicated and analytical solutions cannot be derived. 

However numerical simulations indicate that although the 

impulses cannot be eliminated completely they can be 

substantially reduced following similar arguments with the 

simplified analysis presented above. 

 

IV. FORCE GENERATION EXPERIMENTS 

Experiments were conducted in order to assess some of 

the results of the analysis and to examine and demonstrate 

the impulsive force transmission capabilities of the 

microrobotic platform. The experimental set-up is 

demonstrated in Fig. 11. 
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Fig. 11. Experimental set-up for 1DOF force measurement. 

 

The force sensor remains static during the experiment. The 

microrobot is equipped with a high stiffness cantilever. 

Initially the microrobot was driven towards the force sensor 

at an actuation speed of 
  1

= 900rad / s . At approximately 

2.5s the cantilever collided with the sensor and the exerted 

forces were measured. At approximately 6.5s the actuation 

speed reduced to 2 = 800rad / s . Fig. 12, plot a, presents 

the entire set of measurements made during the experiment. 

It is apparent that the force magnitude reduced as the 

actuation speed fell from 900 to 800 rad/s. Plot b depicts a 

zoom in on the measurements.  
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Fig. 12 Experimental measurements: Impulsive forces  

 

As it was predicted by the analysis, the forces transmitted 

from the platform to the sensor through a stiff manipulator 

have impulse waveform. Their magnitude for 900rad/s is 

about 250 mN and for 800rad/s about 100mN. These 

experimental values are in accordance with what is 

presented in Fig. 5. The impulse frequency (as seen from Fig 

12. Plot b) corresponds to about 1 to 3 cycles of actuation 

operation. 

Finally a needle type cantilever was mounted on an 

aluminium base and was installed in the platform. Figure 

13a illustrates the cantilever’s tip as seen with an optical 

microscope. On the base of the cantilever a strain gauge was 

glued so as to measure the 1dof compressive forces the 

cantilever is subjected to (see Fig. 13b). 
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Fig. 13: Cantilever: a. Microscope view  b. Strain gauge installation 

 

The dimensions of the aluminum base were calculated so 

that the platform-needle system has stiffness less than 

10 3N / m , i.e. sufficiently low so as to eliminate impulses. 

During the experiment, the microrobot was driven by an 

actuation speed of   920rad / s  towards a static object. At 

approximately 2.5s the cantilever tip reached the object. The 

forces transmitted by the needle were measured by the on-

board strain gauge and are depicted on Fig 14a. Fig. 14b 

presents simulation results for the same set of parameters. 
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 Fig. 14: a) Experimental measurement b) Simulation results. 

 

Both graphs demonstrate that the impulsive forces have been 

eliminated. Comparing experimental and simulation results 

it is seen that the mean value of the force during simulation 

has an error of 17% with respect to the one during 

experimentation. This is owing to the non-modelled 

moments exerted on the needle by the platform and by the 

static object. Furthermore, simulations predict that the 

amplitude oscillation of the transmitted force should be 

reduced down to 5mN. However oscillations cannot be 

easily measured from the experimental data due to the 

electrical noise being present in the sensor electronics. The 

noise amplitude was measured during the first 2s of the 

experiment, where the needle was not yet in contact with the 

object, and was found to be equal to 10mN. During the rest 

of the experiment it is evident that the noise level is higher 

than that of the oscillations and no conclusions can be drown 

apart from the fact that oscillations peak-to-peak amplitude 

is less than 10mN 

V. CONCLUSIONS 

In this paper a study was carried out on the force 

capabilities of the microrobotic platform introduced in [12]. 

First, an overview of the platform dynamics and motion 

capabilities was presented. The type of forces generated by 

the actuation mechanism and by the impulsive interaction 

with the working environment were studied. Design steps 

were proposed for (i) the reduction or elimination of 

undesired impulsive forces, (ii) the attenuation of the force 

ripple transmitted to the manipulated object. A construction 

was realised where a high stiffness cantilever was mounted 

on the platform and experiments of impulsive motion were 

conducted. The magnitude and the frequency of the 

measured impulsive forces were in accordance with the 

simulation results. Next a needle-type cantilever was 

mounted on an aluminium sheet to form a low stiffness 

needle-platform system. Experiments conducted with this 

configuration demonstrated that the forces transmitted to the 

manipulated object were continuous, impulse-free and with 

reduced ripple. These results in combination with the 

microrobot’s ultra-precise motion can be employed for 

pushing and accurately aligning very small parts. 
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