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1 ABSTRACT 
 

Gasoline and Diesel engines for passenger cars generate a torsional acyclism and 
vibrations. The Mass Balancer Systems (MBS) are used to reduce this vibrations and resulting 
noises, by counter balancing these vibrations. Although, the MBS itself produces vibrations, 
rotating at twice the speed of the engine. 
 

The aim of this study concerns the gear mesh characteristics of MBS and their influence on 
gear noise - Rattle Noise and Whining Noise. The use of MBS may have the disadvantage of 
introducing a new noise source, related to the high frequency mesh used in the system, as well 
as rattle noise due to the engine acyclism. Using a simulation model it is possible to study 
phenomena such as teeth backlash, teeth contact forces and teeth mesh frequencies and also 
the relation between these and other parameters such as teeth clearance, MBS shaft inertia, 
engine speed and tooth topography. 
 

Simulation results show the influence of crankshaft speeds to shock levels, teeth contact 
forces and noise levels (Rattle Noise). Smaller teeth clearances reduce the amount of shocks 
observed as well as the contact forces between teeth. Shafts with higher inertia generate 
stronger shocks and have bigger “stabilization periods” (when the teeth rebound) after the first 
contact between a teeth pair. 
 

Regarding the high frequency noise analysis (Gear Whine), the simulations show that the 
existing divergence in transmission of rotational velocity is an important mean to assess the 
gear whine. Tooth flank corrections are simulated in order to achieve a reduction in the referred 
divergence. The results show a very unusual gear behaviour: drive and coast flanks are in 
contact meshing alternatively at all speeds, due to the engine acyclism. 
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2 INTRODUCTION 
 

The MBS, when used in the vehicle, may be a source of extra noise. The engine acyclism 
excitation has a key influence on the extra noise of the MBS, specially with diesel engines 
whose acyclism is more abrupt. 
 

The Teeth Impact Forces, Shocks and Backlash, cause the MBS elements to vibrate and to 
generate rattling noises (low frequency) and whine noises (high frequency) that penetrate the 
vehicle’s interior as airborne and structurally transmitted sound. The Deviations on the 
Transmission of Rotational Velocity between the MBS gears are also taken into account, as 
they are a cause of Whine Noise emission. 
 

The noise that can be heard inside a vehicle can be divided in two different categories: 
subjective and objective noise. Our study is related to the characterization of parameters of 
objective noise. 
 

 
Figure 1 - Diagram of sensation area (according to L. Cramer) 

 
3 PROBLEM IDENTIFICATION 
 
 
3.1 SUBJECTIVE / OBJECTIVE NOISE 
 

The objective noise is easier to handle and to analyse. It can be calculated and measured 
and its limits can be established. 
 

The subjective noise is harder to assess. It depends on the surrounding environment and 
on human preferences. Generally assessed by test drive and the prediction by calculation are 
still hazardous. 

 
3.2 MBS NOISE SOURCES 
 

The major contributor to the MBS’s noise emission is the mesh between its gears. This 
problem is enhanced by the fact that the two MBS shafts rotate at twice the speed of the 
crankshaft, generating something like between 3000 and 16000 individual contacts between 
teeth pairs per second in an engine speed ranging from 1000 to 5000 RPM. There are two 
different types of noise during meshing: gear rattle and gear whine.  
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3.2.1 GEAR RATTLE 
 

The tooth contact (drive flank) may be interrupted due to the fast and small changes in 
the torque applied to the gears, and also due to the clearance between teeth. A small shock 
occurs when the flanks get in contact again. 
 

An additional effect is the oscillation during the rotation of the MBS due to the counter- 
weight torque. This rattle is quite specific to MBS and does not exist in the gearbox design. 
 

Since this clearance actually exists in all actual geared systems, they are all potential 
rattle sources. As a consequence, impact forces cause the MBS components, such as shafts, 
bearings and MBS casing, to vibrate and generate unusual rattling noises. 
 

Some experimental results met in the literature [10,11,12,13] suggest that the intensity of 
the impacts corresponds fairly well with the rattle noise level.  
 
3.2.2 GEAR WHINE 
 

Gear Whine is the noise produced at harmonics of the tooth passing frequency. The 
referred frequencies are quite high as the MBS shafts rotate at twice the speed of the 
crankshaft. This kind of noise produced by the divergences in transmission of rotational speed 
between the MBS gears is studied further ahead. 
 
 
4 SIMULATION OVERVIEW 
 

Our case study concerns on a MBS for a diesel engine, as displayed in Figure 2. 
 

 
Figure 2 - Mass Balancer System - Case Study 

The simulation approach to this specific MBS cons
ists on two levels, described in Figure 3, a Macro and Micro level. The Micro level 

consists in a detailed tooth contact analysis of the gears on the MBS. The overall simulation of 
the MBS is made on the Macro level, where the Backlash phenomenon is analysed among 
others. 
 

The Micro level is divided in two stages, the first one where the actual gear geometries 
are measured and its topography data stored in the gear measurement software. The data is 
imported to the Tooth Contact Analysis Software (TCA), where several tooth flank and /or lead 
modifications can be simulated. The second stage is to take the TCA results as input to 
simulate in the torsional MBS model (AMESim). 
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Figure 3 - Simulation Overview (technical source WZL, Klingelnberg, AMESim) 

 
The Imagine AMESim Software is used in the Macro Level simulation, to build the MBS 

model. 
 
 
5 MACRO ANALYSIS – RATTLE SIMULATIONS 
 
5.1 MODEL DESCRIPTION  
 

The AMESim simulation software is a one-dimensional simulation tool. It is necessary to 
build different models to analyse parameters, either induced by linear motion (contact forces 
between crankshaft-engine block or between engine block-chassis) or induced by rotational 
motion (shaft torsional stiffness, bearing friction, teeth contact characteristics etc). 
 

The rotational speed of the shafts is calculated accordingly to the crankshaft speed 
represented by the “Input Signal Engine” seen on Figure 4 (engine Speed=1000 RPM), which is 
applied to the complete AMESim model. 
 

 
Figure 4 - Engine input signal (1000 RPM) 
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Figure 5 - AMESim MBS model 

 
The model used in this study is shown above in Figure 5 and contains two distinct 

submodels: 
 
5.1.1 LINEAR SUBMODEL 
 

Located on the right hand-side of the model (Figure 5) of the complete system, it refers 
to the MBS shafts, the engine block and the crankshaft, as described in Figure 6. It attempts a 
simulation of the vertical forces developed by the MBS system and the second order harmonic 
forces developed by the four-cylinder engine. 

 

Figure 6 - Linear model 

 
Each mass represented on the upper part of the submodel represents half the weight of 

the MBS casing, plus the weight of one shaft. The vertical forces developed by the rotating 
eccentric masses are calculated and applied to both mass. 
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The objective is for both forces (MBS and crankshaft) to be applied in opposite directions 
to simulate the MBS effect thus eliminating unwanted vibration. 
 

The second order harmonic forces are also calculated and its value is applied to the 
mass representing the crankshaft. Both excitations are then oriented to the middle mass, which 
represents the engine block mounted on the engine bay of the car. 
 

 
 

Figure 7 - Linear forces acting in MBS 

 
The way to represent the superficial contact characteristics of two components consists 

in finding both a stiffness value and a damping value, which represent the aforementioned 
characteristics. It is a complex procedure to obtain these values since the contacts can have a 
non-linear behaviour. Usually this type of information needs to be confirmed with accurate 
measures/calculations that can sometimes be very difficult to execute. 
 

We, intentionally, will not develop this topic in detail. 
 

Linear submodel results can be seen in Figure 7, showing the opposing effects of the 
crankshaft generated forces and the MBS generated forces. The third line represents the 
resulting force, which acts on the engine block. This line is a good example of an 85% percent 
balancing of the second order harmonic forces. 
 
5.1.2 ROTATIONAL SUBMODEL 
 

It is located on the left hand-side of the complete model in Figure 5 (and described in 
detail in Figure 8), it features the simulation of the MBS shafts and respective gears as well as 
some of the gearing characteristics. 

 
Three different gears are represented (Ring Gear, Drive Gear and Driven Gear- see 

Figure 2), as well as the two rotating shafts. 
 
Shaft inertia is simulated with three Inertia Components in each shaft (Figure 8). Shaft 

angular stiffness is represented by two identical components in each shaft. 

1 

2 

3 
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Finally, this submodel also incorporates the torque effect caused by the eccentric 

masses while they rotate: depending on which side they are while the shafts rotate, they 
introduce a very small torque that can either aid or retard the motion. 
 

 

 
Figure 8 - Rotational model 

 
Example of basic equation for modelling: 
 
Rotary spring and damper 

 
 

 
 
 

 
Rotary Inertia with friction 

 

 
 

 
 
Gear 

 
 
 

w1  Rotary velocity at port 1 
w2  Rotary velocity at port 2 
to1  Torque at port 1 

are  Relative angular 
displacement 

rtor  Damper rating 
ktor  Stiffness 
d*** Diferenciate 

torq1  Torque at port 1 
torq2  Torque at port 2 
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The “Input Signal Engine” data was obtained from an AMESim engine model. The 

rotational variations (engine acyclism) of the crankshaft are caused by the firing pulses. These 
firing pulses show up twice per engine revolution in a standard four-cylinder engine. 
 

The most important results analysed in this study concern teeth contact: 
 

- Relative linear displacement between teeth - backlash (visible in Figure 9) 
- Contact force between teeth  
- Frequency response (associated with the backlash and force) 

 

 
Figure 9 - Relative linear displacement between teeth 
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The above-mentioned results (teeth contact characteristics) are influenced by three very 
important parameters that are used to characterize the contact between teeth: 
 

- Contact Stiffness 
- Contact Damping 
- Limit Penetration for Full Damping 

Any change in these parameters can immediately influence the behaviour of the 
simulation and hence the results. The accuracy of these parameters and its direct relation to the 
real meshing characteristics is a determining factor in the success of the simulation.  
 
 
5.2 DETERMINATION OF THE STICTION TORQUE BY MEASUREMENTS 
 

This parameter represents the minimum necessary torque to rotate a MBS shaft, hence 
overpowering the resistance made by the shaft bearings.  
 

It is a necessary input parameter for the MBS AMESim Model. The specific AMEsim 
component is the “Rotary Load with Friction”. 
 

To perform a correct measurement of the “Stiction Torque” parameter, a different MBS 
mounting is required as displayed below in Figure 10. 
 

The first step of the assembly procedure is to mount one of the shafts (Drive or Driven 
shafts) on the MBS casing. The casing is attached to a test rig to allow its fixation. A lever is 
connected to the mounted shaft, with a plate attached to one of the tips of the lever. 
 

 
Figure 10 – Mechanical test assembly 

The described procedure has to be executed for both Drive and Driven shafts, because 
the MBS AMESim Model takes into account both MBS shafts, therefore the “Sticiton Torque” 
values are different between them. 
 

The torque is generated by precision weights placed on the plate and the measurement 
made corresponds to the minimum necessary weight to move the mounted shaft, as described 
below in Figure 11. 

 

 
Figure 11 – Torque generation mechanism and acquisition data 
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In order to achieve a more accurate result, four measurements are 

made for each MBS shaft and an average value is taken between the four 
measured values. The numbered positions are displayed in Figure 12. 
Each of the positions represent a different initial position of the MBS shaft 
rotated 90° between them. 
 
 

Figure 12 – Sketch of measured positions 

The four different measurements made for each of the MBS shafts are displayed below 
on Figure 13. 
 

 
LgWTS ××=  

 
 
MBS shaft Ts [Nm] 

Drive shaft 0,03967
Driven shaft 0,03575
 
 
 
 
 
 

 
Figure 13 – Stiction Torque measures values 

The “Stiction Torque” values can now be inserted on the “Rotary Load with Friction” 
AMESim component. These values guarantee a reliable MBS simulation regarding this 
parameter. 
 
5.3 PARAMETER STUDY – SIMULATION DESCRIPTION 
 

We have combined different parameters: engine speed, teeth clearances and inertias. 
 

The simulations performed are described in Figure 14. 
 
 
 
 
 
 
 
    

Figure 14 - Performed simulations 

Three different kinds of simulations were executed. In the first set of simulations, a 
specific teeth clearance is kept on both contacts while the engine speed is set at three different 
values. The second set of simulations uses the Teeth clearance as the variable parameter. The 
engine speed is kept at 1000 RPM. Finally, in the third set of simulations,  

 

Teeth Clearance 100um-100um
Crankshaft Speed 1000rpm
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both engine speed and teeth clearance are kept at constant values while the MBS shafts inertia 
is changed. 
 

In the above-mentioned simulations, two different gear meshes were analysed. The 1st 
mesh between ring gear/drive gear and the 2nd between drive gear/driven gear. The first mesh 
is represented in red while the second contact is represented in green (Figure 15). 

 

Figure 15 - Gear mesh identification 

 
5.4 RESULTS DESCRIPTION 
 

This section is aimed at providing a small explanation to what can be seen in the results 
graphics that will be displayed as a result of the simulations performed. 
 

In Figure 16 is displayed the relative linear displacement observed in both contacts 
simultaneously. As mentioned previously, the red colour symbolizes the first contact (ring 
gear/drive gear) while the green colour refers to the second mesh (drive gear/driven gear). This 
colour scheme is used throughout the results section. 

 
Figure 16 - Relative linear displacement 

 

1 2
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It is possible to see in Figure 16 the 100 µm teeth clearance between both contacts. This 
clearance corresponds to the distance travelled by both teeth when they change their contact 
flank from drive side to coast side and vice versa. 
 
            For the first mesh (1- red line) the distance of 0 µm in the relative linear displacement 
(vertical axis) corresponds to the contact between the drive flanks of the meshing teeth pair. 
The distance of 100 µm in the relative linear displacement corresponds to the coast flank 
contact. 
 
             For the second mesh (2- green line) the exact opposite happens. These characteristics 
remain unchanged throughout the simulation procedure. 
 
            The impacts between teeth are also clearly visible, as well as the rebound phenomena 
that happens after each impact. There is clearly a “stabilization period” (where rebound occurs) 
after each flank change until the teeth in question are permanently in contact. 
 
             The initial impacts after flank changes have also another implicit phenomena: it is 
possible to observe small amounts of teeth deformation. This deformation is noted when the 
relative linear displacement values are either bigger than 100 µm or smaller than 0 µm. 
 

 
Figure 17 - Relative linear displacement with engine acyclism 

 
According to the simulation, the flank change phenomenon is due to the rotational 

variations of the engine crankshaft (acyclism) – Figure 17. The 3rd line (3- blue), with a 
sinusoidal-like behaviour, represents the engine speed. When this line changes its attitude both 
gear contacts react to it, changing from drive side to coast side or vice-versa when the engine 
speed decreases or increases respectively. This very interesting phenomenon derives from the 
direction shift of the torque transmitted, whether there is an increase or a decrease of engine 
speed. 
 

In Figure 8 is displayed the Frequency response (FFT – Fast Fourier Transform) of the 
meshing in both contacts. Notice that the colour scheme also applies here with red for the first 
contact (1) and green for the second one (2). 
 

3
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Figure 18 - FFT of relative linear displacement 

 
Figure 19 - Contact forces in ring gear / drive gear contact (1) 

 
Figure 19 and Figure 20 represent the contact forces between teeth on both mesh and 
represent also the Frequency response of the referred contact forces. The contact forces are 
smaller in the second mesh. This trend is visible throughout the study in the various simulations. 
It is due to smaller inertia values present beyond the second mesh when comparing to the 
inertias present beyond the first contact.  
 

2
1 
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Figure 20 - Contact forces in drive gear / driven gear contact (2) 

 
 
6 MICRO ANALYSIS - TOOTH CONTACT ANALYSIS SOFTWARE 
 

On Micro Level stage, a tooth contact analysis during mesh is made. This is used with the 
objective to find the best tooth corrections possible in terms of high frequency noise parameter 
(Gear Whine). 
 
 
6.1 INTRODUCTION 
 

The Klingelnberg P40, shown in Figure 21, is a gear-measuring machine, with gear 
simulation capabilities.  
 

The data resulting from the executed measurements can be stored and subsequently 
used on other programs also available in the machine.  
. 

 
 

Figure 21 - Gear control - Klingelnberg P40 machine 
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The tooth contact is determined by the topography of the relevant gears. Its position in 
the gear is engine (engine side) or coupling (vehicle side). The gear pair can either be 
designated with “engine side” and “vehicle side” or with “gear” and “mating gear”. 

 
The data required for this is recorded in the software through a gear twist measurement 

or a topography measurement. 
 

For the gear twist inspection, 3 profile lines distributed over the width and 3 leads 
distributed over the height (3x3 grid points) are measured on the tooth. [19] 
 

In the topography measurement up to 30 profile lines evenly distributed over the width 
and 15 leads evenly distributed over the height (30x15 grid points) are determined on up to 4 
teeth. The measuring results for each measurement tooth are stored, as well as the resulting 
average values. [19] 

 

 
Figure 22 - TCA results 

 
 
6.2 TCA INTEGRATION IN AMESIM MODEL (TCA-IN MODEL) 
 
6.2.1 ROTATIONAL ERROR ANALYSIS 
 

It is impossible, from the manufacturing point of view, to produce a tooth with error-free 
flanks. There are always geometrical and / or manufacturing errors that induce a non-uniform 
transmission of rotational speed into the shafts. These deviations to the constant transmitted 
speed are displayed at the Rotational Error, and have to be accounted on the MBS AMESim 
Model. 
 
 
6.2.2 AMESIM TCA INTEGRATION MODEL CONSTRUCTION 
 

The integration method that has into account the rotational Error, started by the 
construction of an AMESim Model, shown in Figure 23, that can handle the TCA output and 
translate it into a physical excitation of the MBS shafts rotational speed. 
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Figure 23 - AMESim-TCA integration model 

 
An error free tooth pair has a uniform rotational transmission. If a flank deviates from the 

ideal form, then with a constant speed on crankshaft a non-uniform rotational movement occurs 
on the drive and driven shafts. The rotational error curve represents these deviations  

This model is composed by two sets of components: control components (red) and 
mechanical components (green).  
 

1- Function F(x) – converts “rpm” to “rad/s” 
 

2- Integrator Function – converts Rotational Speed to Angular Displacement 
 

3- Modulus – converts Angular Displacement to use it as an input to ASCII Table 
 
 

4- ASCII Table – contains the Rotational Error TCA output 
 

5- Differentiator Function – converts Angular Displacement to Rotational Speed 
 

6- Function F(x) – converts “rad/s” to “rpm" 
 

7- Mechanical Components – simulates the MBS shafts 
 
6.2.3 RESULTS 
 

 
Figure 24 - Shaft Speed variation 

 

1

2
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Figure 25 - Fourier Frequency Analysis 

 
 
7 SUMMARY AND CONCLUSIONS 
 

Measures against idle gear rattle and gear whine are one of the important issues in noise 
reduction on gasoline and diesel engine vehicles. But these noise problems and, especially its 
physical aspects are still difficult to understand among the numerous analytical methodologies.  
 

This study performs a linear rotational model that can help to perform a noise analysis 
(gear rattle and gear whine). 
 
 
7.1 MACRO ANALYSIS – GEAR RATTLE SIMULATIONS 
 

One of the problems encountered nowadays when measuring noise and vibration levels in 
a multi-stage geared system is precisely how to determine the contribution of each stage to the 
overall noise and vibration signature of the system. One of the achievements of this kind of 
simulations is that they allow a clear distinction between the two stages. It is possible to analyse 
and compare what happens in each gear contact. This should allow a deeper knowledge on the 
interaction between gears and a better notion of what can be done to improve such interaction. 
 

Another interesting possibility concerns the contact forces between teeth. Using these 
values (after physical measurements that can confirm them) it is possible to calculate the axial 
forces (using the helix angle) applied to the shafts during normal working conditions. 

The axial force described above also suffers the influence of the engine acyclism thus 
suffering an “ axial pumping effect” that can also contribute to the appearance of vibrations on 
the MBS structure and affect the normal lubrication of the axial shaft bearing. 
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The simulations performed in the macro analysis revealed right from the start that contact 

forces are always lower on the second contact in comparison to the first contact. Phenomena 
such as backlash and teeth deformation were also observed and their contribution to the 
appearance of rattle noise is debated. Engine acyclism also seems to have an important 
contribution on the backlash phenomenon. 
 

A parameter study was carried out with three different sets of simulations where 
parameters such as Engine speed, Teeth clearance and Shaft Inertia were altered. The 
objective of this parameter study was to observe how the model reacted and how each change 
would affect each set of results. 
 
7.1.1 TEETH CLEARANCE VARIATIONS 
 

The main conclusion here is that smaller clearances (assuming same clearance on both 
contacts) allow better running characteristics on the contacts analysed. Both contact forces and 
backlash are smaller, as well as teeth deformation. The results obtained also suggest that there 
is a relation between the impact force and the damping effect induced by the resulting teeth 
deformation.  
 

It was also noticed how difficult it was to understand (and predict) the teeth contact 
behaviour when different clearances were used on both contacts, meaning that there are 
several contributing factors that spring into action when such clearance combinations are used. 
One of these factors can be shaft inertia since it is not only different between shafts but also 
because the drive shaft is in contact with the engine crankshaft and the driven gear while the 
driven gear only contacts with the drive gear. 

 
7.1.2 CRANKSHAFT SPEED VARIATIONS 
 

This set of simulations allows an insight on the gear meshing characteristics and its 
reaction to different engine speeds. Three different speeds were used. 
 

According to our model, the increase in engine speed leads to higher contact forces 
between teeth on both contacts. The behaviour of the meshed teeth pairs becomes less 
predictable and rebound distances are bigger with the increase of the engine speed. Both these 
observations might be explained by the bigger amount of kinetic energy present (shafts rotate 
faster) and also by the smaller contact time between teeth thus leading to higher contact force 
peaks. Rattle noise seems to increase with engine speed. 
 
7.1.3 SHAFT INERTIA VARIATIONS 
 

Higher inertia values lead to higher contact forces and bigger stabilization periods after a 
flank change from drive side to coast side or vice-versa. These characteristics are related to the 
more “stable” behaviour that the shafts with higher inertia have. On the other hand, low inertia 
shafts can change speed quicker and stabilize in shorter periods of time while having smaller 
contact forces between teeth. Low inertia also induces higher rebound distances and smaller 
teeth deformation due to the already mentioned smaller contact forces. 
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Figure 26 – Variation of contact forces with shaft rotational speed, teeth clearance and shaft 

inertia 

 
 
7.2 MICRO ANALYSIS – STATIC TOOTH CONTACT ANALYSIS 
 

The main objectives of the Micro Level are: obtain tooth corrections that allow an 
improvement in high frequency noise (Gear Whine); establish an AMESim model that integrates 
the Rotational Error influence during mesh.  

 
7.2.1 TOOTH CORRECTIONS WITH TCA ONLY 
 

To access the various possible tooth corrections influence to gear whine behaviour 
several simulations were performed. The parameter that is used to make the differentiation 
between the different corrections is the amplitude between the Maximum and Minimum 
Divergence values contained in the Rotational Error, TCA output.  
 

Favourable trend (see Figure ): 
 

 Ring Gear – Nominal Correction 
 

 Drive Gear – Bias-Out Correction 
 

 Driven Gear – Bias-In Correction 
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7.2.2 GEAR WHINE ANALYSIS BY TCA-AMESIM COMBINATION 
 

Using the integration of the Rotational Error TCA output in an AMESim model, it is 
possible to visualise the high frequency noise produced by the divergences in the transmission 
of rotational speed during mesh. The conclusions that can be taken from this analysis are the 
following, if we consider only the drive flank: 
 

 The most important TCA output, within the project context, is the Rotational Error 
 

 Whine Noise is directly proportional to the amplitude between the Maximum and Minimum 
Deviation value, on the Rotational Error 

 
 

 The Rotational Error effect affects mostly the higher frequencies area 
 

 The corrections made for both Ring-Gear / Drive-Gear and Drive Gear / Driven-Gear have 
proven to be better in terms of Whine Noise than the Nominal ones 

 

 With our final corrections the Rotational Error influence on the overall MBS model is 
negligible 

 
 
TREND OF COMPUTED BEST TOOTH CORRECTIONS 
 
       RING-GEAR                   DRIVE-GEAR                        DRIVEN-GEAR                 
  
 
              
 
 
          NOMINAL        BIAS-OUT               BIAS-IN  

Figure 27 - Tooth flank corrections 

 
 

For future, as the tooth flank contact involve the drive and coast flank alternatively, due to 
the engine acyclism, it could be necessary to perform the drive and coast simulation together 
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9 ABREVIATIONS & ACRONYMS 
 
MBS    Mass Balancer System 

TCA    Tooth Contact Analysis 

NVH    Noise, Vibration & Harshness 

AMESim Advanced Modelling Environment for performing Simulations of 

engineering systems.   

POC Path of Contact 

cα Profile Crowning 

cβ Lead Crowning 

fHα Profile Slope Deviations 

fHβ Helix Slope Deviations 

FFT    Fast Fourier Transform 
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