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Abstract
Feed mechanisms are the main source of inertia forces in the sagittal direction of a sewing machine.
These forces cause undesirable vibrations which are necessary to suppress. Balancing by using of
counterweights can significantly reduce the inertia forces and thus vibrations. The parameters of
balancing are optimized in sw Mathematica. The input data for the optimization are obtained from
the dynamic analysis of the mechanisms model which is created in sw SystemModeler. The
optimized balancing is used in a real industrial sewing machine. The purpose of the paper is to
show how these sw can help with solving real problems in industry.

Introduction
During the working process moving parts in sewing machines are generating inertia forces and torques which are the main sources of
vibrations. These vibrations cause well-known problems like noise, wear, fatigue and they can be also dangerous to employee´s health.
The effort of designers is therefore to reduce the vibrations usually by vibroisolation or/and by balancing. Balancing means elimination of
resultant inertia force and torque that act on the base as a reaction force and moment. Many balancing methods and principles were
developed [A, B]. The most frequent balancing methods use counterweights, redistribution of mass, counter-rotations [C], opposite
movements, parallelograms etc.
Industrial sewing machine is a good example of a machinery where the problems of vibrations and noise are very important and VÚTS,
a.s. deals with these problems in the long term [D]. There are many types of sewing machines according to the function they have. Each
sewing machine usually consists of mechanisms ensuring a motion of the needle bar, thread take-up lever, looper and feeding. These
mechanisms are driven by an upper arm shaft that typically rotates with 3000 rpm. Therefore the inertia forces and torques of the moving
links are high, especially inertia force of the needle bar and the thread take-up lever. Oversized vibrations are unacceptable among other
things because of hygiene standards. The appropriate balancing can decrease the inertia forces and torques and thus the vibrations.
Complete balancing which completely eliminates the shaking force and shaking moment is very difficult and it isn´t realized in most of
real machines. Antagonistic requirements on machine design (minimal mass, inertia, load, costs and others) enable only a partial balancing
and rational trade-off between the requirements has to be chosen. It means that for the chosen balancing device the parameters of the
balancing has to be optimized to achieve the minimal shaking force and moment. Very often it is necessary to reduce vibrations mainly in
one direction so only one or more components of shaking force and moment are minimized. This is the case of a concrete industrial sewing
machine that is solved in this paper. The worst vibrations are in sagittal direction so reducing these vibrations has a priority.
The formulation of optimization problem depends on chosen balancing method. The calculation is executed in sw Mathematica and it will
be described later in the text. The shaking force and moment which are necessary to know for the optimization are obtained from dynamic
analysis of the machine as a sum of every single link inertia force and torque. The dynamic analysis is usually done in some sw for
multibody system dynamics like Adams or Simpack. Modelling of mechanisms also allows sw SystemModeler which is integrated with the
Mathematica environment. The SystemModeler is based on object-oriented acausal equation-based Modelica language and it provides dragand-drop graphical multidomain modeling of complex problems. The sewing machine model created in this modeler can be simulated in
Mathematica and the results can be used for the following optimization.

Balancing of feed mechanisms
The sewing machine which is the subject of balancing in this paper is an industrial sewing machine designed for sewing heavy materials
like leather (Fig. 1). Therefore this machine is bigger and heavier compared to common sewing machines and it´s motor works on a lower
rotation speed (the maximal speed is 1250 rpm). For the purpose of dynamic analysis the machine includes 46 moving rigid bodies. The
biggest inertia forces produce mechanisms of the needle bar and the thread take-up lever, however these forces act mainly in the y-axis
direction direct to the desk and therefore they don´t affect too much harmful vibrations. Oversized vibrations are caused by feed mechanisms although their inertia forces aren´t high. Drop feed mechanism is placed below the desk and it is driven by using of lever mechanisms from upper shaft. Upper feed mechanisms consists of one presser foot (left on the Fig. 1) and one walking foot (right on the Fig. 1).
Their motion is synchronized with drop feed mechanism to ensure precise movement of sewed material.
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Fig. 1: The scheme of the sewing machine with hinted coordinate system, where the axis y correspond to the direction of the needle bar, axis z
correspond to the direction of lower shaft axis and axis x is orthogonal to them.

The dynamic analysis was solved for basic settings of the sewing machine which remain constant during the cycle. The length of the stitch
was chosen 15 mm and the rotation speed 1200 rpm. Both feed mechanisms perform planar reciprocal motion mainly in the x-axis
direction, the motion in y-axis is negligible. The Fig. 2 shows inertia force and torque of the feed mechanisms.
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Fig. 2: Inertia force Fx (blue) and Fy (yellow) of the feed mechanisms (left) and inertia torque Mx (red), My (blue) and Mz (yellow) on the right.

The motion of all of feed mechanisms links is similar and their inertia forces and torques are similar to the functions shown on the previous
figure (only in a smaller scale). From the relatively simple courses of inertia force and torque it results that balancing can be achieved by
using of counterweights mounted on appropriate shafts. The producer of the sewing machine suggested the placement of two counterweights according to the Fig. 3. One counterweight is situated on the lower shaft close to the feed dog and the second counterweight is
mounted on a shaft that ensures the motion of the walking foot. Balancing of the inertia force could be achieved by either of the counterInternational
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The motion of all of feed mechanisms links is similar and their inertia forces and torques are similar to the functions shown on the previous
figure (only in a smaller scale). From the relatively simple courses of inertia force and torque it results that balancing can be achieved by
using of counterweights mounted on appropriate shafts. The producer of the sewing machine suggested the placement of two counterweights according to the Fig. 3. One counterweight is situated on the lower shaft close to the feed dog and the second counterweight is
mounted on a shaft that ensures the motion of the walking foot. Balancing of the inertia force could be achieved by either of the counterweights but it is convenient to use two masses instead of one because of the machine design and less stress of links.

Fig. 3: The scheme of feed mechanisms with hinted position of the counterweights.

Modelling in SystemModeler
The Mechanics.MultiBody package allows modelling of multibody systems. A mechanism link is substituted by a rigid body model
BodyShape with mass, inertia tensor and two frame connectors. Through these connectors the links are connected by joints. At least one
link has to be connected to the ground by the World element. Also a source of motion is attached to the corresponding element. In this
model a constant signal is brought to the element of angular velocity source which is appended to the revolute joint of the drive shaft.
Model of the feed mechanisms includes dozens of rigid body and joint elements which are relatively complicated elements so the whole
model is large and contains thousands of equations. Most of these equations are trivial. Also the body models of the counterweights are
placed to the supposed position. Since the exact center of mass positions of the counterweights are unknown (they depend on the optimization process and design possibilities) each counterweight is divided to two masses in the distance 10 mm from the axis of rotation and
mutually rotated about 90° (first mass is above the axis and the second right of the axis). The resulatnat position and mass of the counterweight is a vector sum of the two computed masses. For other calculations it is also useful to work with the quantity static moment [kg m2 ]
as a product of the counterweight mass and its distance from the axes. This moment should be constant to remain the balancing properties.
The results of model simulation provide many kinematic and dynamic quantities, but some of them which are necessary to know for the
dynamic analysis are missing. The calculated quantities (position, speed, acceleration, force) are related to the frame connectors. However
the inertia force is a product of body mass and acceleration in the center of mass. To edit or create elements is relatively easy and the
calculation of other quantities can be added to the code. Therefore the equations for calculation of center of mass position, speed, acceleration and inertia force and torque are added. After setting all parameters (masses, inertia tensors, axes of rotation etc.) the simulation can be
launched.
Some operations connected to the modelling and simulation can be executed in Mathematica using the package WSMLink. This way is
convenient because of the following computations in Mathematica. The length of simulation is set to one cycle of the machine (1200 rpm ~∼
20 Hz ~∼ 0.05 s). The results of simulation required for the optimization are saved as Mathematica´s interpolation functions.

Optimization
As it was said one counterweight mounted on the lower shaft is sufficient for complete balancing. The formulation of the optimization
problem is then the following. The maximal value of the inertia force Fx has to be minimized subject to given constraints which are in the
inequality form. The constraints are presented by the masses of divided counterweight mv1 , mv2 so the optimization problem has two
inequality constraints in the form {-5<mv1 <5, -5<mv2 <5}. Mathematica offers several functions for optimization, the numerical searching
of global minimum provides the function NMinimize. Four settings in the method option can be chosen - NelderMead, DifferentialEvolution, SimulatedAnnealing and RandomSearch. Although the method NelderMead is very simple in the theory it works well for problems
which don´t have many local minima. It was used for solution of this problem and it works well in more complicated cases also. Other
methods were tested too, but they provide the same results and consume much more time.
There is one more problem to be noticed. As the maximum value of inertia force is minimized the maximum value must be found in each
iteration. Searching of exact solution is needless and time-consuming, better approach seems to be a creation of a Table with inertia force
12th
International
Mathematica
Symposium,
2015,small
Prague,
Czech
Republic
values.
This Table
should have
sufficiently
time
steps
and the maximal value is determined by a simple selection from the list with
the function Max. The Program code is very simple and short as it is seen below. The first function f finds the maximal value of the inertia
forces for the optimized parameters (masses) mv1, mv2. The input data which come from the dynamic analysis for the optimization are the
inertia force fmech of the feed mechanisms and the acceleration of counterweight masses aVP1x, aVP2x.

As it was said one counterweight mounted on the lower shaft is sufficient for complete balancing. The formulation of the optimization
problem is then the following. The maximal value of the inertia force Fx has to be minimized subject to given constraints which are in the
inequality form. The constraints are presented by the masses of divided counterweight mv1 , mv2 so the optimization problem has two
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inequality
constraints in the form {-5<mv1 <5, -5<mv2 <5}. Mathematica offers several functions for optimization, the numerical searching
of global minimum provides the function NMinimize. Four settings in the method option can be chosen - NelderMead, DifferentialEvolution, SimulatedAnnealing and RandomSearch. Although the method NelderMead is very simple in the theory it works well for problems
which don´t have many local minima. It was used for solution of this problem and it works well in more complicated cases also. Other
methods were tested too, but they provide the same results and consume much more time.
There is one more problem to be noticed. As the maximum value of inertia force is minimized the maximum value must be found in each
iteration. Searching of exact solution is needless and time-consuming, better approach seems to be a creation of a Table with inertia force
values. This Table should have sufficiently small time steps and the maximal value is determined by a simple selection from the list with
the function Max. The Program code is very simple and short as it is seen below. The first function f finds the maximal value of the inertia
forces for the optimized parameters (masses) mv1, mv2. The input data which come from the dynamic analysis for the optimization are the
inertia force fmech of the feed mechanisms and the acceleration of counterweight masses aVP1x, aVP2x.
f[mv1_ ? NumericQ, mv2_ ? NumericQ] := Module[{tab, fx},
fx = Abs[fmech -− mv1 aVP1x -− mv2 aVP2x];
tab = Max[Table[(fx /∕. t → i), {i, 0, 0.05, 0.001}]]
]
NMinimize[{f[mv1, mv2], -− 5 ≤ mv1 ≤ 5, -− 5 ≤ mv2 ≤ 5}, {mv1, mv2}, Method → "NelderMead"]
Program code of the optimization procedure for minimizing the maximal value of the feed mechanisms inertia force.

After the optimization the static moment of the counterweights is quite big, 47 kgmm, it means 4.7 kg in the 10 mm distance from the axis
of rotation. If the computation is performed for the counterweight mounted on the upper shaft the static moment is much bigger, 230
kgmm. This big difference is caused by distinct rotational movement of the shafts. The mass of counterweight is very large and it is clear
that this solution can´t be completely realized. The balancing is limited to the maximal acceptable size and mass of the counterweights.
Designers of the company producing the sewign machine suggested two components which were mounted on the shafts (the static
moments were 9.7 kgmm and 34.7 kgmm). Their masses were considerably smaller then masses necessary for complete balancing but the
reduction of the inertia force was still significant (Fig. 4). The maximal value of the inertia force Fx is reduced from 81.7 N to 40.4 N and
inertia torque My from 17.4 Nm to 6.3 Nm. This balancing was also verified by measurement of machine vibrations.
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Fig. 4: The reduction of the inertia force Fx and torque My after the balancing.

Conclusion
In this paper the optimization problem of feed mechanisms balancing was solved using the sw Mathematica and SystemModeler. It was
shown that these tools are very helpful and useful for solving practical problems in industry. The model of feed mechanisms is created in
SystemModeler and the simulation and dynamic analysis is then performed in Mathematica. These results were used as an input data for
the optimization. The optimization allowed to propose the advisable balancing and to reduce the inertia force and torque of the mechanisms and thus the vibrations.
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