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Abstract 
 
The computer numerical controlled (CNC) machining center is utilized in nearly all areas 
of manufacturing. The CNC center’s ability to produce large quantities of dimensionally 
similar parts is of major importance. With the use of various CAM software packages, the 
designers and manufacturers have a simple and low cost mode of developing tool paths 
which are use by the CNC machines to make these parts. The CNC machine is available 
in numerous sizes and configurations, thus allowing the production of multitudes of 
different geometries. Typically, as the size of the CNC machine grows, it must be 
isolated from the machines surrounding it and other external vibrations. A typical 
machine sits atop a several foot thick concrete slab which is isolated from the 
surroundings. This installation process requires additional cost and space. However, not 
all part manufacturing requires large machining centers, and very small parts require new 
manufacturing techniques and equipment. To solve this issue, there is a unique class of 
machining centers currently being developed, micro-machining centers, which are a 
departure from typical large centers. The micro-machining center is a similar product in 
that numerous parts can be produced which have identical dimensions. The micro- 
machines work on the micro level, in that the tooling is on the order of 1/1000 of an inch. 

 
The fact that the micro-machines operate on very small parts using very small diameter 
tools means that they are very susceptible to external and internal vibrations. If vibrations 
are not reduced or eliminated, the cuts made and the parts created will be dimensionally 
inaccurate, and relatively useless. With funding provided by the United States Army - 
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TARDEC, the Northern Illinois University researchers are in the process of developing a 
novel micro-machining platform which will remove vibrations created by the machining 
process and the external vibrations which are encountered during the machining process. 
The platform development process includes a study of the vibrations which are produced 
by both the cutting process and the transversing motion of the spindle positioning, using 
various transducers and monitoring sources. In addition, the authors will detail the 
theoretical aspect of the platform design process. The development of the micro-
machining center is an important new direction in the manufacturing process. Through 
the development of a machining support platform, manufacturers will have the ability to 
produce high precision miniature parts.   
 
Introduction 
 
The need to create intricate precision parts (Figure 1) is pushing the machining envelope. 
To produce parts with large features, manufacturers have CNC and manual machining 
centers available to produce these parts. Today, engineers are called upon to machining 
centers which can produce features in the micro-measurement range. The micro milling 
machines being developed at EIGERlab in Rockford, Illinois (figure 2) are required to 
move at high accelerations where a significant amount of vibration noise is produced.  In 
addition, in the manufacturing environment, external vibrations are always present. 

 
Figure 1 – Heat exchanger part produced with micro-machine center present.  

 
This internal and external vibration hinders the precision and accuracy of the cut.  To 
reach desirable tolerance levels the vibration must be cancelled, or reduced by providing 
support within the base upon which the machine sits. Since vibration plays an extremely 
important role in the development of a commercial micro-machining center, a platform 
must be developed which greatly reduces and possibly eliminates these motions. This 
paper details the various aspects which are involved in the design an testing of this 
platform. Within the design, both passive and active vibration damping are used. The 
authors also utilize numerical and experimental analysis in the development cycles. 
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Figure 2:   First Generation Micro-Milling Machine,  

 
Vibration Theory 
 
With the recent rapid development of micro-machining technology, the requirement of a 
vibration-free environment has become an important research topic. Since micro- 
machines operate using very small diameter tools, any external or internal vibration that 
exceeds certain minute amplitudes will cause errors in the machining process. There are 
four primary sources of vibration that can disturb this process: ground (floor) vibration, 
acoustic noise, “direct force” disturbances, and internal vibration.  
 
Ground vibration exists in all environments throughout the world, and is always 
composed of random and almost-periodic tonal signals, as described below. 
 

 The most common sources of periodic vibrations are constant-speed rotating 
equipment, such as that typically found in the manufacturing facilities. The size and 
number of this equipment dictate the number of tonal components of varying 
amplitudes. The collective result of all of these sources is almost periodic. 

 The ground supporting the structure is vibrating due to the traffic or other external 
sources propagated into the building. These vibrations are inherently random and 
usually composed of both stationary and transient components.  

 Impact vibrations that are generated by people walking the floors. Typically, these 
repeated impact loads generate vibrations that start with a peak amplitude followed 
by a decay, of which the fundamental resonance frequency of the floor system is the 
primary component.  

 Random dynamic forces developed within the building from large air-handling 
systems or waste and supply piping systems.  

 
Some previous work presents the generic vibration criterion curves for vibration-sensitive 
equipment [1,2,3,4], as shown in Figure 3. 
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Figure 3 - Generic Vibration Criterion (VC) Curves for Vibration-Sensitive Equipment 

 
Low-frequency airborne acoustic noise at the high levels is commonly encountered in 
fabrication facilities. These random air pressure fluctuations can excite structural 
components, including walls, tables and floors as well as micro-machines themselves, 
etc. In general, acoustic noise is the dominant noise source of vibration above 50Hz [3].  
 
Other direct forces may also be applied to the micro-machine, such as direct mechanical 
coupling (due to the spindle-driven air-generator vibrations which are transmitted to the 
micro-machine through supply connections). Other forces may also be generated by the 
feeding of the machining center by a robotic gantry, where the force used to accelerate 
the gantry axis is also applied to the micro-machine in the form of a reaction force.  
 
Internal vibration within the micro-machine is generated by the relative movement of the 
actuation axis. This vibration is especially noticeable during the starting up or turning 
phase. For example, One company developing micro-machining centers has a goal to 
design a micro-machine for high end application. But when the prototype was initially 
tested at high acceleration rates, it was found that large vibrations uncontrolled vibrations 
were developed. During these initial tests, the machine was fixtured upon a 2-ton granite 
table-top and the resulting vibration produced a displacement of about an inch and half. 
The most effective way to reduce this unwanted vibration is to stop or modify the source 
of the vibration. Since this cannot be achieved in many cases, it is desirable to design a 
vibration suppression system which isolates the micro-machine from the source of 
vibration and thus, cancels the vibrations. Vibration isolation tables currently on the 
market are designed for stationary equipment, such as optical equipment where slight 
disturbances like tapping the table or people walking around will cause small corrections 
to the level of the platform. These dampers also typically damp vibrations in one 
direction.  
 
Conventional machine tool vibration control techniques typically only employ passive 
vibration control. The best vibration control performance is achieved by utilizing an 
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active vibration control scheme in combination with a passive scheme. The active 
vibration control technique has a more effective performance at low frequencies [5,6].  
 
Currently a micro-machine testing platform that can cancel one degree-of-freedom (DOF) 
vibration vertically is under development. The system can be divided into three modules: 
vibration generation, passive cancellation and active cancellation (Figure 4). The 
vibration generation module is merely used to simulate the vibration from the base 
through playback of some pre recorded data. This module will be taken off after the 
micro-machine is well developed. The passive module is designed to damp the vibration 
at high frequencies (>100Hz) and dissipate the energy within the system to make the top 
machine supporting plate vibration free. The active module is designed to cancel the 
vibration at low frequencies (<100Hz) using electrodynamic\piezoelectric actuators. 
These three modules should be able to be developed and evaluated separately and jointly. 

 
Figure 4 - System modeling of the micro-machine supporting platform (1-DOF) 

 
  
During the system modeling, each flexible component is modeled through linearization 
around the equilibrium point under the assumption of relatively small variations during 
vibration. As shown in Figure 5, the micro-machine platform can be modeled as a two 
lumped mass system (M1 and M2), representing the moving mass of the active system 
(with the machine sitting on it) and the passive system, respectively. The spring and 
damping coefficients are overall dynamic characteristics of the active and passive 
systems, respectively, which can be acquired through experimenting and linearization 
around equilibrium position.  

Active Module 

Passive Module 

Vibration 
Generation 

Module 
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Figure 5 - Modeling of the micro-machine platform physical system 

 
The equation for the active system with the machine can be written as: 

••••

=+−−−− 11211211 )()()( XMtFXXCXXK c                              (1) 

Where 1X ,
•

1X and
••

1X  are the displacement, velocity and acceleration of the moving mass 
in the active system, )(tFc  is the control force generated by the electrodynamic actuator 
in the active system.  The equation for the passive system can be written as:  
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Where 2X ,
•

2X and
••

2X  are the displacement, velocity and acceleration of the moving 

mass in the active system, D  and 
•

D  is the displacement and velocity of the moving mass 
of the vibration generation module. By taking the Laplace transformation of equation (1) 
and (2), we have 
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Thus by multiplying the inverse of the first bracket term on the left and side and 
multiplying with )(sFc and )(sD on the right hand side, we have 

 

⎥
⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡

+++++−
+++++

∆
=⎥

⎦

⎤
⎢
⎣

⎡
)(
)(

)()(
)(1

)(
)(

211221
2

2121
3

21
2

1

211221
2

2122
2

2

2

1

sD
sF

KKsKCKCsCCKMsCMsM
KKsKCKCsCCKsCsM

sX
sX c



Proceedings of The 2006 IJME - INTERTECH Conference. 

            
    (4) 

 

Where ⎥
⎦

⎤
⎢
⎣

⎡

+++++−
+−++

=∆
)()()(

)(
det

2121
2

211

1111
2

1

KKsCCsMKsC
KsCKsCsM

 

 
Then from equation (4), we know the transfer function of the system that can be utilized 
as the vibration control for the system. 
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Numerical Analysis 
 
As a prelude to the fabrication of a micro-machining support structure, numerical 
analysis was used to model several components. All of the modeling that was completed 
using a research version of the numerical finite-element code ANSYS, which allowed for 
512,000 nodes. While this number of nodes will not allow the authors to solve massive 
problems, it is more than sufficient to analyze the substructures of the support platform. 
Numerical vibrational analysis is non-linear and requires an iterative solution method. 
This need for many iterations on large scale problems resulted in very long run times and 
the creation of very large output files. Running the software on a computer running 
windows XP with over 512 Megabytes of memory took well over 48 hours per run. In 
each run, the models consisted of approximately 250,000 nodes, and in order to examine 
many variables of the problem, over 20 runs were made of each model with varying 
parameters. The fact that multiple runs were needed resulted in excessive time 
requirements to study the various substructures of the support structure. To alleviate this 
time cost, the researchers built a computer system based upon an AMD Athelon 
processor with 1 Gigabyte of memory that was running under a Unix operating system. In 
addition, a 10,000 rpm Western Digital hard drive was installed on the system. The result 
of this new system was the reduction in runtime from days to 3-4 hours, for similar 
problems. The use of the new computer system enabled the analysis of a wider number of 
variables in each substructure, as well as a smaller step size in variables between runs.  
 

In the typical finite-element-analysis static loading, one can greatly simplify the 
problem if symmetric boundary conditions can be utilized [7]. In dynamic analysis, 
symmetry conditions cannot be used, since certain natural frequencies and mode shapes 
will be missed in the analysis. Therefore, under dynamic load analysis, the complete 
model must be used, and since the problem solution is iterative, the use of large models 
causes great increases in processing space and time [8,9]. Even on the fast computer 
system being used for this analysis, as the number of elements approached 200,000, the 
duration of the runs tended towards 8 hours in length. As such, the authors took great care 
to reduce the overall problem size. Based on the type of geometries that were 
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encountered, both 8-noded and 20-noded elements were used. The initial analysis test 
modeled a solid aluminum volume of 2 inches x 2 inches x 36 inches, which had a 
harmonic frequency of approximately 760 Hz., based upon the theoretical analysis. From 
figure 6, one can see that using the 8-noded solid (solid 45) produced relatively good 
results with a small mesh spacing (or large number of elements). The results obtained 
from the 20-noded solid (Solid 95) showed that a good solution was obtained using 
slightly less than 1000 nodes. In this comparison, the time to reach a solution was 
drastically less with the higher noded element.  
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Figure  6 - Solution accuracy using two solid elements 

 
In the design of a proper support platform, the authors examined several different 
platform configurations using 3- and 4-legs (Figure 7). The various platform 
configurations were broken into two areas; legs and tops. Each of these sections were 
numerically analyzed using varying several different parameters. 
 

      
Figure  7 - Models of support platforms 

 
Legs 
 
Since the portability of the micro-machining platform was a major feature in the design, 
weight reduction was a priority. It was decided that a 2 inch square and 2 inch diameter 
round aluminum legs with a length of 36 inches would be tested. In order to damp 
vibrations, the numerical analysis was completed with a series of equally spaced 
dampers. The harmonic frequency for the various leg configurations in shown in figure 8. 
Based upon the relatively soft damping material, there is a large decrease in value 
between no damping and one damper; there is little additional benefit in using additional 
dampers. Although it has not been determined at this point, it appears that one damper 
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will be used with the both the round and square leg configurations. Physical models will 
be constructed and tested experimentally. 
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Figure  8- Harmonic frequency of leg and damper configurations 

 
Table Top 
 
As was the previous case, the design of the 36-inch square table-top was an iterative 
decision process, and one which also dictated by the need to save weight. It was also 
decided that an aluminum top would be used, however, in order to provide rigidity, a 
series of ribs on the underside would be cut into the block of material. The ribs allowed 
for weight savings, and yet produced a rigid structure. The ribs were modeled as a tight 
mesh which had 12 ribs and a loose mesh with 6 ribs. In addition, the rib thickness was 
varied from 1/16 inch to ½ inch, and the overall thickness was varied from 2 to 4 inches.   

              
Figure 9 - Solid models of the table tops which were studied (with ribs shown) 

 
Using these models, constraints were placed in the middle, corners, or the middle edges 
and the harmonic frequencies were found. Figure 10 and 11 show the harmonic 
frequencies for the various top configurations which were modeled. 
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table Frequency - Corner constrained
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Figure 10 - Frequency for 6-division top (1/8 inch rib thickness) and various top 

thicknesses (as shown in legend) 
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Figure 11 - Frequency for 3-inch top thickness using various divisions and rib thicknesses 

 
Based upon the data, the platform top with a 3 inch thickness, 12 ribs, and a rib thickness 
of 1/8 inches will be fabricated and tested. During the testing phase the voids between the 
ribs will be filled with vibration damping material. At this point in the numerical analysis, 
the authors are assembling the complete model of the support platform. This will allow 
for the determination of the optimal damping products which should be used. 

 
Experimental Vibration Analysis 
  
Most vibration control tables on the market are developed for stationary equipment such 
as microscopes and other optical systems. The micro-manufacturing environment is a 
unique application that responds to the need for compensation rather than a heavy base or 
cement foundation. The structure that is developed must compensate for any movement 
on or around platform. To design the platform, the team first determined the modes of 
vibration for a current first-generation micro-machine center developed by a local  
machine tool company. To develop the vibrational pattern for the machine while 
operating on a known part, accelerometers were placed on the machine and base in three 
different locations. Figures 12 and 13 show the accelerations in the x, y, and z-directions 



Proceedings of The 2006 IJME - INTERTECH Conference. 

on the machine and base structure under conditions where the spindle is turning, but no 
tool contact.  
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Graph 12: Spindle on- Position 1 – machine vibration (shown for all 3 axes) 
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Graph 13:  Spindle on- Position 1 - base vibration (shown for all 3 axes) 

 
The vibration disturbance caused by the axis occurs approximately <4k Hz, and is 
relatively small compared to disturbance caused by the spindle.  The graphs above mostly 
display the harmonics that the spindle has excited.  The sidebands suggest that there is 
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coupling in the machine-base system as a whole, that perhaps the spindle is exciting 
harmonics in the machine as well as the base [1].   
 
It is important to note the mechanical conditions of the machine at the time of recording.  
The machine has three air-bearing axes, enabling three degrees of freedom for machining.  
To compensate for the limitations inherent in this first generation design the machine’s z-
axis (the lower most axis shown in Figure 14) has been suspended with a fish hook and 
crane for additional support.  This causes the z-axis to have a tighter bearing relative to 
the x and y-axis.  And because the bearings are tighter, the air pressure had to be lowered 
accordingly.  The result is that the machine system vibration propagated through the Z-
axis (Green line in Figures 12 and 13) appears to be more damped as compared to the Y 
(blue) and X- axis (red).   
 
 
 

 
Figure 14:  Axis directions and accelerometer positions for vibration measurements. 

 
The base that is currently being used, a two-ton industrial steel base with the six-inch 
granite table top on wood support, provides sufficient support for milling parts to a 
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desired accuracy. Therefore, it is considered the benchmark for the dual vibration 
cancellation platform. 
 
Active Vibration Cancellation  
 
Vibration isolation of mechanical systems is achieved through either passive or active 
vibration control systems. The passive vibration isolation system offers a simple and 
reliable means to protect mechanical systems from a vibration environment. In this paper, 
a passive vibration control characteristics was investigated numerically and verified 
experimentally for micro-machining precise control [12]. The finite element method was 
used for the analysis of dynamic characteristic of the structure of aluminum table top with 
different ribs: 3 by 3 and 6 by 6. Experiments on the passive damping of the structure 
were carried out using signal analysis method. The effect of table top with 3 by 3 ribs and 
6 by 6 ribs were studied separately. The finite element analysis was verified by 
comparing the experiment results in terms of passive damping ratios (ζ) and modal 
damping (2ζω) as well as fundamental frequency.  

 
Besides the passive damping, an active suspension or precise vibration system was 
developed. Active vibration isolation systems have been employed to overcome the 
limitations of the passive systems, that is, its inherent performance limitations, its limited 
controllable frequency range and the unchanging shape of its transmissibility [13]. 
Because all mechanical systems are composed of mass, then the stiffness and damping 
elements exhibit vibratory responses when subject to time-varying disturbances. The 
prediction and control of these disturbances is fundamental to the design and operation of 
mechanical equipment. Passive vibration control is achieved by spring-mass-damper 
decoupling, which is the mechanical analog of low pass filter.  The resonant frequency, 
below which vibration isolation is ineffective, is inversely proportional to the square root 
of the spring compliance and the mass. Thus, as the frequency of interest decreases, the 
mass of compliance must increase, eventually becoming impractical or too expensive to 
implement. The effectiveness of passive vibration control techniques is limited in low 
frequencies. Thus, a hybrid-type active vibration isolation system that uses 
electromagnetic and pneumatic force is being developed for the interest of full range of 
frequency domain. A new control algorithm adopting digital signal processing is 
proposed. The characteristics of the hybrid system proposed will be investigated via 
computer simulation and experiments. 
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Figure  15 - Active Vibration Control Scheme 

 
 
The active inputs to this system (in order to modify the system response in a controllable 
manner) is the main focus for an active vibration system. The following graph shows the 
control results. 

 
Figure 16 - Active Vibration Control Result 
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From figure 16, the next excitation of the mechanical system is again assumed to be 
proportional to the difference between the primary and secondary force, and the response 
of the system is relate to this excitation via the response of the mechanical system. And it 
is concluded from the performance measures for the system that the transmissibility of 
the active vibration part is below 0.2 for frequency below 500Hz. The active vibration 
control, thus, is the good way to combine with passive damping technology to get the 
desired results. 
 
Conclusion 
 
The machining industry has been in existence for many years, and constant 
improvements to machinery, tooling, and fixturing allows for new parts to be created 
more efficiently, faster, and more precise. The current generation of CNC machining 
centers require large investment in infrastructure and space. The typical machining center 
is large (6 foot square footprint minimum) and requires a vibration isolating concrete pad. 
The new generation of machining centers is moving in the opposite direction (becoming 
smaller). The micro-machining center will allow manufacturers to produce very small 
parts with extreme accuracy. Tooling for these machines is often smaller than the width 
of a human hair, and thus very fragile. The new machines are very compact and 
lightweight and can be used anywhere there is a need to create high precision small parts. 
Due to the high precision capability and the fragileness of the components, these 
machines are very susceptible to vibrations from both the machine itself and the external 
vibrations from the environment surrounding the machine. Thus, reduction of these 
destructive vibrations is a necessity. The micro-machine platform described in this article 
provides a stable work support system. Through the analysis used, numerical, theoretical, 
and experimental, the authors have started the process in the development of a stable 
work platform for a micro-machining center.    
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