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Summary

The article presents the issue of designing portable machine tools in which module components are
applied. Portable machine tools are mainly designed for machining of elements at the place of their final
installation. Experience has shown that achieving high efficiency in the design of portable machine tools
can only be reached through the use of mechatronic approach with the use of ready-made modular
components (for example: ballscrew mechanisms, bearing units, linear guide systems). The designer of
a machine tool must be aware of lack of information on selected parameters of these components. It is
recommended to use simplified replacement models of these components and implement them to the
model of entire machine tool to achieve desired static and dynamic characteristics. Authors of the article
present an example of a modular component and its replacement model. They also present the results of
calculations performed with the use of this.
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Analiza konstrukcji obrabiarki przenosnej z elementami modutowymi

Streszczenie

Przedstawiono problematyke projektowania obrabiarek przeno$nych z zastosowaniem elementow
modutowych. Obrabiarki przenoé$ne projektowane sa z uwzglednieniem ich uzycia do obrdbki
elementéw w miejscu montazu. Do$wiadczenie wskazuje, ze uzyskanie wysokiej jakosci obrabiarek
przeno$nych wymaga uwzglednienia w procesie ich projektowania kryteribw mechatronicznych oraz
standardowych podzespotéw modutowych (np. mechanizméw s$rubowo-tocznych, weztéw tozysko-
wych, modutowych prowadnic liniowych). Projektanci tych obiektow uwzgledniaja ograniczona
informacje dotyczaca charakterystyki uzytkowych komponentéw modutowych. Dlatego zaleca sie
uzywanie uproszczonych modeli zastepczych i implementowanie ich do opracowanego modelu
obrabiarki. Umozliwia to uzyskanie prognozowanych statycznych i dynamicznych charakterystyk
obiektu poddanego analizie. Zaprezentowano przyktadowy element modutowy i jego obliczenia.

Stowa kluczowe: obrabiarka przeno$na, projektowanie mechatroniczne, elementy modutowe, MES
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1. Introduction

A portable machine tool is a type of a machine thaks several
characteristics: among others, it can easily besparted and for the purpose of
processing it should be mounted on the workpiecgike) portable power tools
in a portable machine all movements are guided.

The impulse for the creation of portable machingdsavere, as usual, the
needs of the industry. Many of the industrial bteesc energy industry, mining,
shipbuilding, petrochemical, heavy industry, papetustry, have forced the
designers of machine tools to change the way akihg in terms of processing
especially of large-scale workpieces. A significarblem has been noticed —
the need for transportation of large-scale worlgseclhe main problem is to
transport these elements from the site of theidpcton or assembly, to the
factories which are equipped with appropriate maehiools to perform the
required machining operations. The above processrgees high transportation
costs due to the necessary logistics and is alsw-¢bnsuming. When
constructing new elements, the transportation timecalculated in the
production process itself, while when it comestie tecovering process, the
time of transportation plays an important role. Blorer, it is sometimes
impossible to transport an object. A very good eplenof such a case is
regeneration and repair of components permanentiyected with the main
construction. These can be: cooling systems ineaugbower plants, offshore
drilling platform components or the foundation dhd/towers.

2. Requirements for portable machine tools

2.1. General characteristics

Portable machine tools are mainly designed for riechining of the
elements at the place of their final installati®his type of service is determined
by the terms "in place" or "in situ". Portable maehtools have been designed
out of necessity to operate in extreme ambient itond. They are required to
carry out treatment, regardless of the environn@ataditions of the workpiece,
i.e. temperature, humidity, attachment methodsaihdr factors. Conditions of
use are extremely variable, hence it is difficalassume the required accuracy
of the machines. Currently, the quality of treatmisnmostly affected by the
machine operator who decides on the method andramcwf the portable
machine tool mounting process. The operator alderahknes the machining
process parameters and performance of the macpeeifying its stability.

In portable machine tools, due to the design caimgs, mainly related to
the mass of machine, main motion drives with mueds Ipower are installed.
This results in some restrictions to the procespargmeters — an increase in the
duration of the cutting operations. When we add pineblem of laborious
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installation of portable machine tools on the waekp, it is surprising that
market demand for this type of machine tools anmtdice keeps growing. In
practice, portable machine tools are used morenam@ frequently where it is
necessary to meet the design guidelines duringter the assembly of large
structural elements, while shortening the time @nofacturing new products
and reducing its costs. These machines are use@wiases for compensation
technology — processing the workpiece during itstalfation. Often large
elements are made at their destination.

Experience has shown that achieving high efficiemtythe design of
machine tools can only be reached through the tiseechatronic approach [1-
10] with the use of ready-made modular componelitds clear that the
approach based on mechatronics, which presumes dingultaneous
consideration of knowledge in various fields, maketheoretically possible to
design and manufacture products with significairtiproved quality. However,
the question arises — can a designer blindly tnastufacturers offering modular
components without analyzing thoroughly the meaterproperties? During the
design process engineers need to pay special iattett the basic criteria.
Meeting these criteria will allow to create a pbleamachine tool which will
effectively fulfil its machining tasks.

When analyzing the requirements for portable maxhiools the main
criteria for the design can be determined, and l#ss important remain
subordinate. The primary criterion is, as usualmnike it possible to transport
the machine. In this case the sub-criteria areima@hweight, compact design
and the kinematics of the machine tool. The seaoiterion is the ability of the
machine to perform machining — vibration stabilityis important, above all, to
obtain the appropriate dimensional and profile isien and the surface quality;
the duration of treatment is less important.

2.2. Vibration stability

Self-excited vibrations occur in mechanical systeuise frequently. Every
mechanical system can be potentially unstable,igedvthat the variable force
which causes its vibration is dependent on therparers of the motion of this
system (displacement, velocity). This, howevenas a sufficient condition for
the self-excited vibrations to develop in the syst¥ariable force depending on
the motion parameters must do such a positive woak the corresponding
energy is equivalent to the energy dissipated r@salt of motion resistances in
the system [11, 12]. There is a cause and efféatiorship between the mass-
dissipation-spring system (MDS) of a portable maehiool — workpiece (PM-
WP) and the machining process (cutting processhviiékes place in this
system. The load (cutting force component) whialsea oscillatory movement
depends on the parameters of the movement and@isa. The vibrations in an
examined MDS system can cause irregularities oataurface in the form of
waves. When the cutting edge goes through the wakescutting parameters
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change (mainly the thickness of the cut layer —Timese parameters influence
the cutting force.

The cutting process parameters in which the systerstable can be
determined. A stable system is one which returntststability after it has been
excited. The appearance of self-excited vibratians certain ranges of
parameters naturally excludes the possibility efrthractical application, which
can reduce the technological capabilities of thehimee tool.

Portable machine tools, due to their special usestnsomply with the
condition of low weight and mobility. This is whydir construction is often
designed on the edge of stability. Structures baseldng profiles or openwork
structures usually have huge problems with vibratioFor this reason, the
design of such machine tools is extremely difficaiid dealing with the problem
of vibrations often requires high speed tools amd tayers which are being
machined.

2.3. Modularity

The conceptual design is the presentation of amadveesign concept. It
shows the distribution, shape and mutual positidnthe most important
elements of the designed device. It provides tgall&famework of the project
and assessment criteria. The conceptual design mmestt the desired
requirements. Conceptual design is very importardar fsuccessful
implementation of construction projects. It hasrbeeticed that significant and
relevant decisions taken early — during the conmdptesign accelerate
engineering tasks and have a tremendous impach@muality of the final
product. It has been reported that about eightggrerof the costly decisions are
made at the stage of conceptual design [13]. A Wery stage of the design
process it is essential to use a mechatronic approa

The costs of a portable machine tool in relatioritdcfunctionality are of
lesser importance. Taking under consideration aliffi conditions in which
a portable machine tool operates, its wear is nfiaster than that of a standard
machine tool. It is therefore necessary to design such a way that all used
components can be quickly replaced. In the lighthefabove mentioned points,
it is reasonable to use modular components as dreycommonly available.
It significantly reduces production downtime arglaosts.

3. Modular design of portable machine tools

Finding the best solution for structural supporsteyn of the portable
machine tool begins with an analysis of the formgebmetric and physical
structure, or topology of the machine (distributmfrkinematic pairs) [14]. The
second step is to determine the geometry of thégmed kinematic pairs.
Determining overall dimensions of the machine, mafj the ranges of
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movement, indicating cooperation zones geometryassembling designed
pieces of structure with ready elements (e.g. nsotdutches, guides, bearings)
must appear in the form of design documentation.

The goal of each project is to obtain solutionsoihneet the assumptions
of the design. For this purpose, the design cateahd methods of their
verification are being defined. Machine tools foetal machining, apart from
utility must meet the basic work criterion whichtie stability of the machining
process (vibration stability) [15-18]. The necegsaformation needed to carry
out the stability analysis is practically given yim the final stage. In order to
make it possible to computationally verify the sture due to the stability
criteria it is necessary to obtain the informatiabout topology, geometry,
materials, masses, inertia elements, stiffnes®wfections, load capacity, static
and dynamic properties of the workpiece, as welloasls resulting from the
cutting process.

Each model has some simplifications, that is why @an expect the
uncertainty of the results. Hence one ought to middee final experimental
verification of the stability criterion. Designing portable machine tool
according to current trends (as a mechatronic dgvishould prompt the
designer to apply well-proven solutions (ready-madastruction modules).
Such as: integrated bearing units, linear-guiddesys, drive units, spindles,
electrospindles, power systems and control systdins technique has been
successfully used by designers of modern CNC machbols, robots,
manipulators, and that is why it seems to be aoredde approach. At the early
stages of the project some pieces of informatiautproperties of the modular
components can be obtained from the manufactureesddition to information
about the mass and geometry of the elements, aneltain other relevant data.
It is evident that the quantity and quality of timormation is insufficient to
carry out reliable design calculations. This iseesally true when determining
static and dynamic stiffness of a designed system.

It is clear that it is not possible to build a @drte machine tool using only
commercially available components. Part of the suppystem in the form of
body elements is almost always designed indiviguéik the needs of the
design. Parameterized models built in the convantiffinite elements method
(FEM) allow to carry out the so-called parametrpimization. It implies the
solution of a constrained problem in which geoncetmmd material parameters
are the decision variables (e.g., density, Youngslulus and damping). For
example in the process of optimization of the ribthe body of a machine tool:
thickness, width, height, as well as their locatard number are determined.
This optimization is designed to reasonably distéithe material. It leads to the
optimal shape of the design, in which propertieshsas: established static
stiffness, frequency and mode shapes, etc. are\aghi
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4. Modeling of portable machine tools with the use
of replacement models

4.1. Newly designed elements

In portable machine tools, unlike the stationarggrthe basic criteria for
their evaluation are the mass and vibration stgbiMaterial and geometry
properties of a part are its structural variabkesalyses of components with
parameterized variable geometry in the calculapicotess are currently made
with the use of the most effective Computer Aidegsign modeling software
(CAD) while Finite Element Method (FEM) is used tbe system calculations.
It is important at this stage to define the intémacbetween design components
of the portable machine tool. One ought to iderttily ways of setting and fixing
of analyzed structure fragments and properly cairsthe degrees of freedom in
the prepared model. It is also necessary, likbénprevious case, to take loading
forces into account — loading the model with gratidnal forces, cutting process
forces and the forces of inertia including pre-elished dynamics of the drives.
The specificity of the description of the boundaonditions significantly affect
the reality of the cresults of the analyzes.

By the initial phase of the corpus system analysie understands a
situation in which the constructor prepares théiahgeometrical form of the
body. At this stage only geometric properties afgeration zones of a machine
tool and technological limitations are given. Theeknatics of the machine tool
is determined and its functionality is verified fieifent and effective realization
of this process depends on the experience of atroctr and the proper
preparation of the initial parametric model of thachine tool body.

Carrier components of portable machine tools (aegigor chosen) should
be characterized by high stiffness at low weightisTcan be achieved by
designing a special form of geometric elementshefrhachine body (modulus
of rigidity) and the selection of appropriate matkerproperties (Young's
modulus).

A portable machine tool project shown in Fig. lars example of such
a model which is made of two main load-carrying poments (designed
machine tool body parts) — vertical beam (V) andzomtal beam (H).

The deformation of beams for the simplest geomdtnim of the model
without structural reinforcements was analyzed \{joiog only the main
dimensions and appropriately shaped cooperatioaszaith the chosen modular
elements). In following calculation sequences, gtawith increased stress were
stiffened by additional elements (ribs). Dimensiohshe ribs and their location
were further parameters of the models in additmthickness and width of the
bodies. Figure 2 shows the calculation resulthefanalyzes carried out for two
body elements. The analysis has resulted in obigitein times stiffer elements,
which are only one and a half time heavier comp#wete initial models.
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,H” beam -
‘,V” beam

Fig. 1. The portable machine tool model detailiegtical "V"
and horizontal "H" beams
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Fig. 2. Results of analyses performed on computatimodels of beams using FEM:
a) vertical "V", b) horizontal "H", | — before optization, Il — after optimization

To complement the design calculations the analgédise dynamics of the
designed elements were performed, especially ferftaquencies and mode
shapes. Examples of the mode shapes for the Jdvgean are shown in Fig. 2.
Particular attention was paid to the behavior ef ¢bnstruction in the so-called
force chain — parts of the structure directly reslale for the transfer of cutting
forces. The sixth form in Fig. 3 concerns drive anghounting point and not the
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previously described force chain, that is, onlyfirs five forms are significant.
The mode shapes can significantly affect the behmafithe tool during cutting.

Shape 2 Shape 2 Shape 3 Shape 4 Shape 5 Shape 6
75 Hz 137 Hz 548 Hz 580 Hz 1278 Hz 1360 Hz
m—

Fig. 3. Examples of the mode shapes of verticairb&4'

Modeling body elements of machine tools [19] does nequire applying
replacement elements. Monolithic elements of thaylaf machine tools do not
represent a significant burden in terms of powektéme of the calculations.

The situation is different when it comes to the genof mechanical
components (for example: ballscrew mechanisms,ifgpamits, linear guide
systems). In those cases, an accurate representditgystem geometry is only
effective for conducting calculations of isolateshgonents, not for the final
product. It is recommended to use simplified repiaent models of these
components and implementing them to the model Gfeemachine tool. The
replacement models should have the smallest dimealgly as well as the
ability to imitate behavior of real components. Stype of modeling has already
been successfully used in the design of statiomeghine tools [19].

4.2. Ready-made modular elements

Ready-made components in the form of profiled railgh carriages
(guides) are currently used in the design of modiegar guides. They are fixed
to a machine tool body with screw connectors. Ssydtems are characterized
by their very high efficiency, of up to 95%, highad ratings and a wide range of
possible applications. Mainly ballscrews are usedtle drive elements in
machine tools for changing the rotation of the meatwaft to linear motion of the
system. The described transmission is also verigieft. The disadvantage
of both outlined structural solutions is a very laamping factor, appearing
in resonances at high frequencies.

One of the assumptions in terms of mechatronic gdesespecially
important for portable machine tools is to redueetime dedicated to the design
and manufacture. In order to achieve this goak suggested to apply ready-
made compact axle drive assemblies in the desigy&dms. Such an approach
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seems to be reasonable considering global trentksahine tool design, and the
range of ready-made solutions in the linear motiechnology offered by its

producers [20-24]. It is possible to select a catglcompact drive assembly,
where the housing comprises linear guide systemallacrew, bearing units and
a connector for the drive motor.

During the initial design phase one of the mainlgoa to provide
appropriate accuracy of dimensions and shape okpigge surfaces. This is
reflected in parameters characterizing the selesystems and components of
linear motion technology. This includes acceptadeor values occurring in:
ballscrews (for instance the cyclic pitch erromefifed rails and ensuring their
correct assembling. The system being selected dradsd be characterized by
proper carrying capacity, while maintaining compatinensions and low
weight.

Basing on a Bosch-Rexroth compact linear guide care see examples
of data required by the manufacturer and includedhe phase of selection
of a mechanism. Equivalent load (Fig. 4) is deteedifrom the formula:

Myl M|
+C +C
t My, My

_ M
Feomb = |Fy| + |Fz| + M

where: Feomp — €quivalent load, NF, — x-axis load, N,F, — y-axis load, N,
F, — z-axis load, N,C — dynamic load rating, NMy — x-axis torque, Nm,
M, —y-axis torque, NmM, — z-axis torque, NmM; — permissiblex-axis torque,
Nm, M_ — permissiblg/-axis torque, Nm.

P

Fig. 4. View of constituent loads acting
on a compact linear module [18]



www.czasopisma.pan.pl P@N www journals.pan.pl
=
ot »

14 P. Pawetko, M. Dolata

It is possible to carry out preliminary selectioh @mponents of the
machine tool taking into consideration only cargyicapacity and positioning
accuracy with the use of a simplified geometricaldel of the machine. Such a
model can be created on the basis of the geomaixement selection (G-MS),
based on preliminary calculated masses of inditiglements included in the
design. There are no other selection criteria sigcstiffness (static or dynamic).
One should also bear in mind that it is an itemtprocess. Therefore, the
process needs to be controlled. The design vasatieuld be validated in the
adopted solutions of the further phases of theeptojin order to obtain
additional information about a machine tool compunéstiffness, resonant
frequencies, mode shapes) one should conduct exgaial studies. Another
way of obtaining above mentioned data is to mdaeldomponent basing on the
geometric data from catalogues and perform calionistwith the use of FEM
techniques.

According to available information, compact lineaodules have very
good functional properties [20, 25]. The mechanisnmade with two body
elements combined with linear guides and a ballg¢Feg. 5 and 6).

Zq

___4___ ___4___

Fig. 5. General scheme of a compact linear module

A Bosch-Rexroth compact linear module (type eCKK,lthe long carriage
version) has been used in the design of a portabthine tool. The module has
been disassembled in order to accurately map wsngegy and then modeled
with FEM techniques (Fig. 6).

Selection of the module is based on calculatiomidas available in the
catalogue [25]. These formulas are based on exteads and allow only to
calculate lifetime of the module. During the an&éythe most unfavorable
permissible loads acting on the module were assumed
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During the final assembly of the portable machio@ high deformability
of the module was noted. It turned out that dedpiting under the maximum
permissible load this linear guide has a low ststiftness.

Fig. 6. View of a compact linear module. A — aluiaim housing (body 1), B — a set of rails,
C — table (body 2), D — ballscrew mechanism withringg

The problem about those type of elements (readyemaatiular) is the lack
of manufacturers' information about the rigidityhel information on the
maximum permissible loads is available. Yet, theneot any information on the
behavior of the product under the load. Seemirttly,module is an assembled
set of parts (roller guides, ballscrews) which easily be bought separately.
Yet, in the light of the above analysis it is not B1 the case of a modular linear
guide its body frame components seem to be the m®aimce of problems.
A modular linear guide consists of a housing whiicimade out of an extruded
aluminum profile. The housing is a support for talaminum rails. The rails
have steel inserts which are in contact with dbadls. Each rail has two inserts
but only one insert is active. This is becauseetli@no standard carriage in the
modular guideway. There are four places of contativeen rails and an
aluminum table. The carrier system looks like anmadrcarriage but is cut into
halves. There are four half-carriages and theyalneart of an aluminum table.
The carriages have the same inserts as the rhigsere two covers at each end
of the housing. The covers have bearing socketthballscrew. The table is
attached to the ballscrew, which is connected termhtip by a coupling. The
low weight of the system is an important advantafy¢ghe described solution.
The disadvantage is that the above mentioned lagide has low rigidity.
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This experience has proved the need for modelicy sighly specialized
modules. This is the only way to determine theiatist and dynamic
characteristics. These characteristics are the fmsereating a replacement
model of a modular guideway which can be effecjyiveded in the machine tool
model.

FEM is used as a method of calculation. The fiegp $n the analysis was to
exclude irrelevant elements from the geometric rhotiéhe module as they do
not affect the behavior of the guide under loace Mbxt step was to discretize a
geometric model. This process has been made wihiapemphasis on the
contact elements and contact zones. Then, a staiysis was performed. The
component was loaded with maximum permissible I¢888 N of force and 70
Nm of torque). The boundary conditions and the wetbf loading of the
mechanism are shown in Fig. 7.

A—
AF MAF

| ——— —
éAAAAA

A-A

Fig. 7. Linear guide boundary conditions and loads

As a result of the calculations the spatial disttitn of displacements in
modular linear guide is achieved (Fig. 8).

The above example clearly determines large andamedisplacements of
the table. When analyzing the cross-section oftabée its lack of symmetry is
noticed. In one part of the table the openingdanger than in the other. A hole
is located so close to the edge of the element ithateates a significant
narrowing. The narrowing affects the rigidity ofethable and causes the
asymmetry of its deformation (Fig. 8, the place kadrwith A). The table is
reinforced by two screws. Despite the reinforcentkatcarrier part of the table
is still bent outside.

Displacement values are significant (0.03 mm), eislg when referred to
the usage in machine tools. Moreover, the moduliétedine is one of the first
elements of the construction chain of this portabbchine tool, which makes
the spindle tip even more displaced (Fig. 9).
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NODAL DISPLACEMENT
a) TOTAL , mm
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Fig. 8. Samples of the results a compact modulautions: a) isometric view
b) side view Circle A shows a low rigidity parttbie table

X a

Fig. 9. Diagram showing the position of the spirtiffeafter deformation
of the analyzed linear guide
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5. Summary

Modern portable machine tools are supposed to ée fiags machining large
components at their installation site or at the@laf work of a workpiece. Their
design must primarily allow stable machining witfegietermined parameters.
These machines have to obtain a desired level @fracy. Hence, the design
process should be conducted in terms of mechaspicd the construction
should be based on ready-made modular componéngboitens the time of
design and also makes the potential repairs eéeitire modular components
can be replaced).

Such an approach has its limitations despite k$ulisess. The designer of
a machine tool must be aware of lack of informatiarselected parameters of a
modular component. In the above mentioned exanfpdeportable machine tool
one can see how large the displacements of a Idaced guide can be. Despite
the fact that the permissible load is not exceettedmodule should not be used
in this machine tool. The position of the tool tipfar from the assumed. The
information outlined in the article is very impantafor the designers as it
evidences the needs for analyzes of the modulapopants.
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