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Abstract

In today’s manufacturing, rising demand for customized products and shorter product cycles challenges
traditional systems, which adapt poorly to changing workspace needs and process dynamics. Reconfigurable
manufacturing systems based on modular reconfigurable machine tools (MRMT) are promising, but current
adaptability is mostly limited to swapping whole modules instead of tuning a single module’s properties. This
paper investigates the adaptation of two key MRMT properties at module level: the travel range of a feed axis
and the chatter stability of a milling process. Two hardware demonstrators are used for this investigation: a
length-adjustable rack-and-pinion feed axis that can be extended with attachable segments and a stiffness-
adjustable interface that can vary static and dynamic stiffness via a preloaded spring plate. Laser-tracker
measurements show that the travel range can be extended while keeping the maximum straightness deviation
at 175.88 um and rotational deviations within 0.1°. Static load tests yield stiffness ranges of 644.47 Nmm ™" to
2089.35 Nmm ! (4 mm spring plate) and 694 Nmm ! to 2613.93 Nmm ! (5 mm spring plate), and impact-
hammer tests show a shift of the dominant natural frequency of the module of 56.45%. Stability lobe
diagrams computed from the measured frequency response functions confirm that the module deliberately
shifts the lobe positions along the spindle-speed axis, enabling in-situ adaptation of process stability limits.
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where structural modifications to manufacturing
machinery are required, such as when a larger
workspace is necessary. Dedicated manufactur-
ing systems are designed to produce specific prod-
ucts through rigid manufacturing processes with se-
lected tools and fixed automation cycles. There-
fore, with increasing product variants and fluctuat-
ing product volumes, dedicated manufacturing sys-
tems are losing their cost advantage [4]. Cellular
manufacturing systems consist of machines grouped
into several cells where each cell is able to produce
for a specific part family and therefore offer some
flexibility. However, since the relocation of cells and
machines proves to be a time-consuming task, cellu-
lar manufacturing systems cannot respond quickly

1. Introduction

Today’s manufacturing companies are facing
multiple challenges. Customers demand more per-
sonalized products, resulting in an increasing num-
ber of product variants with a decreasing number
of units per product variant [1]. At the same time,
product cycles are getting shorter [2]. To meet these
increased demands and in order to produce at low
production costs, next-generation production sys-
tems must be able to adapt more quickly and cost-
effectively to new products [3].

Conventional manufacturing systems, such as
dedicated manufacturing systems, cellular manu-
facturing systems and flexible manufacturing sys-

tems, are constrained in their adaptability to new
products. This is particularly evident in instances
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and cost-effectively to the demands of new prod-
ucts [5]. Flexible manufacturing systems consist
of numerically controlled machines, an automated
material handling system, and a centralized control
for material and workpiece flow [6]. However, flexi-



ble manufacturing systems are only able to respond
to product changes within a certain range, not to
structural changes to the machines themselves, such
as the need for a larger workspace [7].

In contrast to dedicated manufacturing systems,
cellular manufacturing systems, and flexible manu-
facturing systems, Miihlbeier et al. present an al-
ternative approach that uses standardized kinemat-
ics that allows the realization of entire value streams
without the need for specialized machines [8]. Re-
cent research has focused on implementing this ap-
proach using industrial robots as such standardized
kinematic structures [9, 10]. However, industrial
robots exhibit low stiffness and accuracy compared
to machine tools [11]. Therefore, this approach ex-
hibits significant limits regarding processes such as
milling. As a result, there remains a need for ma-
chine tools that have the ability to change their
process-specific characteristics, such as workspace
or dynamics.

Software-defined manufacturing (SDM) is an in-
novative approach to manufacturing that empha-
sizes flexibility, collaboration, and the integration of
digital technologies. Unlike the traditional produc-
tion system-oriented model, SDM focuses on creat-
ing adaptive manufacturing solutions by using digi-
tal twins to map the physical behavior of machines
in virtual space [12]. This enables machines to
adapt to the specific requirements of the workpiece,
whereas in conventional manufacturing the design
of the workpiece is constrained by the capabilities
of the machine on which it is to be manufactured.
Additionally, SDM facilitates comprehensive digi-
tal planning and control, where physical processes
align with digital specifications and machines are
capable of autonomous decision-making [13, 14].

The SDM approach is extended by the concept of
software-defined value stream process systems [15].
This novel concept extends SDM into production
systems that are able to reconfigure themselves au-
tonomously by establishing a cyber-physical chain.
In this context, reconfigurable manufacturing sys-
tems are a promising solution as they offer signif-
icant potential for rapid and cost-effective adap-
tation to changing structural requirements while
maintaining high productivity [16]. Reconfigurable
manufacturing systems consist of modular reconfig-
urable machine tools (MRMT) that can be quickly
reconfigured to meet changing structural require-
ments resulting from changing customer needs [16].
MRMT counsists of basic and additional modules
that can be assembled or disassembled as needed

[17, 18]. The modules that satisfy the produc-
tion specifications necessary to produce the work-
piece are assembled into a kinematic structure. Ex-
tensive research has focused on enhancing MRMT
through open standards, control architectures, al-
gorithms, and optimization metrics [19], as well as
methods on which modules to connect [20]. Exist-
ing research therefore largely treats the MRMT as
module-based: adaptability is realized through the
choice and arrangement of modules, not through
changes inside a module itself. The question of how
far these properties can be tuned within a single
module, and what limits this intra-module adapt-
ability imposes on the resulting machine behavior,
has so far received little attention.

This paper addresses this gap by analyzing two
such MRMT properties along two representative
hardware modules:

e The workspace of a feed axis is studied on a
length-adjustable rack-and-pinion axis whose
travel range can be extended segment by
segment. The analysis quantifies how the
position-dependent straightness and rotational
accuracy evolve along the assembled axis, and
identifies the assembly interface as the domi-
nating contributor.

e The process stability of a milling operation
is studied on a stiffness-adjustable mechani-
cal interface that varies the static and dy-
namic stiffness through the angular position of
a preloaded spring plate. The analysis links
the resulting shift of the dominant natural fre-
quency to the chatter stability boundary by
computing stability lobe diagrams from the
measured frequency response functions.

The hardware modules themselves serve as analysis
platforms; the focus of the paper is their resulting
effect on MRMT properties.

This paper is structured as follows. Section 2
reviews the state of the art and the limitations
of current solutions for workspace adaptation and
chatter mitigation in MRMT. Section 3 derives
the requirements that the two analysis platforms
have to meet, and Section 4 describes their real-
ization. The two-part analysis is then carried out
in Section 5: accuracy along the extended travel
range of the assembled feed axis and stiffness, fre-
quency response, and stability lobe diagrams of the
stiffness-adjustable interface. The implications of



these results for MRMT properties are discussed in
Section 6, and the paper is concluded in Section 7.

2. State of the art

2.1. Length-adjustable feed axis

Lorenzer developed a MRMT that allows the axes
to be interchangeable [21]. It is possible to choose
between two axes of different predefined lengths: a
short feed axis and a long one. If necessary, the
axes can be reinforced through additional stiffen-
ing units. Although the workspace of the MRMT
can be extended by replacing a short axis with a
long one, the design of the axes does not allow the
axis length to change at the module level, mainly
due to the ball screw drive used. Bi developed a
five-axis reconfigurable machine tool with a tripod-
based parallel kinematic machine module and a se-
rial kinematic linear XY table [22]. As with Loren-
zer’s approach, the machine’s workspace is changed
by swapping modules.

Peukert et al. identified hexagonal structures as
suitable building blocks for modular machine tool
frames [23]. Subsequently, Uhlmann et al. inves-
tigated how these hexagonal structures could be
effectively connected to optimize stiffness, reliabil-
ity, and cost [24]. Finally, Uhlmann and Peuk-
ert demonstrated that a modular machine tool
frame based on hexagonal structures can achieve
industry-relevant stiffness and process performance
[25]. Although these hexagonal structures have
been demonstrated as a structural foundation for
length-adjustable feed axes [26], their broader adop-
tion may face limitations due to the challenge of
achieving precise alignment and motion control over
long distances.

In soft robotics, there are different approaches
that allow the synthetic growth of robot tips [27,
28], most prominently by eversion of material or by
additive deposition of material at the tip [29]. Re-
cent work also addresses the low stiffness of grow-
ing robots, for example with layer jamming that in-
creases the bending stiffness by a factor of 4.6 [30].
However, even these stiffened designs are compliant
structures without precise guidance and are there-
fore not suitable for use in MRMT.

In summary, none of the reviewed MRMT ap-
proaches provides a feed axis whose travel range can
be extended at the module level while maintaining
precise motion over the extended length.

2.2. Stiffness-adjustable module

Chatter vibration, such as regenerative chatter,
is an example of self-excited vibration that occurs
during the cutting process [31]. It manifests itself as
undesired vibrations between the tool and the work-
piece. The occurrence of this vibration is closely re-
lated to the noise level of the cutting forces, which is
an external excitation. This type of vibration leads
to numerous negative effects, such as poor work-
piece surface quality, reduced accuracy, increased
noise, and accelerated tool wear [32].

Among other factors, such as the geometry of
the workpiece and the process parameters, chatter
is mainly influenced by the dynamic behavior of the
machine tool [31]. This dynamic behavior can be
modeled using the principle of multiple single-mass
oscillators whose mass, damping, and stiffness pa-
rameters can be modified. In particular, changing
the mass or stiffness parameter of a single-mass os-
cillator causes its natural frequency to shift, thus
affecting its dynamic behavior. This principle also
applies to machine tools. Burtscher and Fleischer
proposed a variable mass unit attached to the spin-
dle housing to change the natural frequencies of the
machine tool and thus reduce chatter [33]. While
this method allows for adaptive tuning of the nat-
ural frequencies, it requires a complex setup.

Another way to change the natural frequencies
of a machine tool is by changing the stiffness of
specific modules or mechanical interfaces. Several
methods exist that allow for a stiffness adjustment.
Shape memory materials exhibit significant changes
in their material properties when exposed to dif-
ferent temperatures. When exceeding a transition
temperature Ti,.,s their stiffness can be altered
from hard (T' < Tirans) to soft (T > Tirans) [34]-
Wang et al. investigated changes in the dynamic be-
havior of a shape memory polymer joint [35]. They
showed that resistive heating allows for a change in
the stiffness of the joint, resulting in natural fre-
quency shifts of up to 8.7 %. Although this concept
shows promising results, precise temperature con-
trol is required to change the stiffness of the shape
memory material accurately. Another approach to
stiffness variation is to use nonlinear springs, which
have a nonlinear relationship between force and
spring deflection [36]. Although it is possible to
implement this method through a simple design so-
lution, the adjustable stiffness range is limited.

Yuan Lin et al. studied the effect of linear guide
preload on the dynamic behavior of a vertical



column-spindle system [37]. The preload of the lin-
ear guides was shown to significantly affect the nat-
ural frequencies of the system. However, excessive
preload can cause stick-slip behavior. This can re-
duce the smoothness of motion and affect the accu-
racy and precision of the system. In addition, high
preload leads to higher friction caused by increased
contact forces between the linear guide components.
As a result, this can lead to an increased wear of
components and an increase in energy consumption.

Hansmann et al. presented a simple design that
allows precise stiffness adjustment for automotive
applications, thus influencing the natural frequen-
cies of these systems [38]. This is achieved by
a mechanism that varies the preload applied to
a spring plate. However, the design presented
by Hansmann et al. is limited to unidirectional
force transmission, which limits its application in
MRMT, where both positive and negative direc-
tions in spatial axes must be accommodated. In
addition, although this design allows some adjust-
ment of the natural frequency, it is primarily lim-
ited to low-frequency eigenmodes, with a band-
width of 137 Hz. Whereas for MRMT applications,
frequency requirements typically range from 15 Hz
to several thousand hertz [39, 40].

2.3. Aim of this work

The reviewed literature shows that workspace
adaptation in MRMT is currently realized by ex-
changing entire fixed-length feed-axis modules [21,
22] or by reconfiguring frame structures, where pre-
cise motion control over extended distances remains
an open issue [23, 24, 25, 26]. The first research
question of this paper is therefore: How does the ac-
curacy of a MRMT feed axis evolve when its travel
range is extended at the module level rather than
by exchanging modules? To answer this question,
a variable-length rack-and-pinion feed axis with at-
tachable extension segments is used as the analysis
platform. The geometric and kinematic accuracy
of the assembled axis is measured along the full
travel range and decomposed into base-segment and
extension-segment contributions in order to identify
the dominating sources of deviation.

Likewise, existing approaches to adjust the dy-
namic behavior of machine tools to mitigate chat-
ter face significant limitations such as complexity
[33, 34, 35], limited stiffness adjustment range [36],
or excessive preload that leads to wear and re-
duced accuracy [37]. The mechanism of Hansmann

et al. [38] is a promising candidate but is lim-
ited to unidirectional force transmission and to a
bandwidth of 137 Hz, whereas machine-tool appli-
cations require bidirectional force transmission and
natural frequencies that range from 15 Hz to several
thousand hertz [39, 40]. The second research ques-
tion of this paper is therefore: To what extent can
the chatter stability of a milling process carried out
on an MRMT be tuned by varying the stiffness of
a single mechanical interface module? To answer
this question, a stiffness-adjustable interface mod-
ule that extends the principle of Hansmann et al. to
bidirectional force transmission and to the relevant
machine-tool frequency range is used as the anal-
ysis platform. The static stiffness, the frequency
response function and the resulting stability lobe
diagram of a representative milling process are eval-
uated as a function of the angular position ¢. This
links the dynamic behavior of the module directly
to the chatter stability boundaries of the process
and thus to a tangible MRMT property.

3. Design considerations

3.1. Length-adjustable feed azis

Feed axes consist of a controller, an inverter, a
motor, mechanical transmission elements, and mea-
suring systems that work together to form a mecha-
tronic control loop [41]. The following design fo-
cuses on the components of the mechanical trans-
mission elements that are relevant to extending the
travel range of the axis. The drive should be in-
crementally extendable, with no upper limit to the
travel distance. Positioning accuracy and rigidity
should be independent of the length of the axis. A
ball screw drive traditionally used for milling ap-
plications proves to be unsuitable for an extension,
as it is extremely difficult to attach extension pieces
seamlessly and rigidly to the screw. In addition, the
rigidity and accuracy of the screw decreases as the
length of the screw increases. It is also necessary to
avoid bending vibrations caused by the coincidence
of the rotational frequency and the natural bending
frequency in long spindles [41].

Another feasible option are linear drives, which
can be chained together for a modular changeable
length and feature both high accuracy and stiffness.
However, they suffer from thermal issues, may re-
quire active cooling, and are more expensive and
more complex overall [42].

The guide system must be selected in such a way
that, when it is extended, uneven running of the



carriage is avoided when passing over the mechan-
ical interfaces by the assembly of several guide rail
sections. Rolling elements in commonly used recir-
culating ball bearing guides are highly sensitive to
irregularities in the raceway [41]. As a result, rail
sections must meet tight tolerances and be precisely
aligned to allow for seamless extension when joining
profiled rail sections. It is, therefore, necessary to
select an alternative variant to meet these require-
ments. To ensure a smooth and accurate transition
at the interconnection between two extension seg-
ments, a sufficiently rigid base structure must be
provided to which the drive and guide components
are aligned and fixed. The interconnections should
be designed to allow for the accurate alignment of
the extension segments. In addition, the intercon-
nections should enable the axial bracing of the ex-
tension segments to provide sufficient stiffness while
keeping the conversion effort minimal for quick re-
configuration.

3.2. Stiffness-adjustable module

As mentioned in Section 2.3, the design approach
by Hansmann et al. presents a promising founda-
tion to reach the intended goals. Therefore, this
paper further develops this approach. The aim is
to adapt and expand the design to meet the specific
requirements of MRMT. The stiffness adjustment
should function bidirectionally, necessitating bidi-
rectional force flow through the module. A key ob-
jective is to shift the MRMT’s natural frequencies
through stiffness changes to optimize performance
and vibrational properties. Given that the origi-
nal design reaches a maximum natural frequency
of 137 Hz, this approach will be further developed
to achieve frequencies in the range typical for ma-
chine tool applications (15Hz to several thousand
hertz [39, 40]). In addition, the main contribution
should lie in enabling bidirectional force transmis-
sion in both spatial directions to meet MRMT re-
quirements.

4. Design

4.1. Length-adjustable feed axis

The length-adjustable feed axis is designed as a
rack and pinion drive system to combine stiffness
and modularity. The basic structure of the length-
adjustable feed axis consists of two parallel alu-
minum profiles connected by a plate. As shown
in Figure 1 slot nuts are installed in pairs at the

end faces of the aluminum profiles in the grooves,
allowing the extension segments to be connected in
alignment. Additional bolt connectors provide ax-
ial tension to increase axial stiffness. The linear
guide consists of two parallel T-guide rails, each
with two slide bearing carriages, connected by a
carriage plate. A fixed/floating bearing arrange-
ment is realized by using fixed bearings on one side
and floating bearings on the other side of the car-
riage plate. The reason for choosing a sliding lin-
ear guide is the larger surface contact compared
to roller bearings, which, in combination with the
slightly chamfered guide rail sections at the end
faces, should allow smooth running over the guide
rail joints. A rack and pinion drive was chosen be-
cause it allows the travel path to be easily extended
to any length by attaching additional rack sections.
Additionally, unlike ball screw drives, the rigidity
is independent of the length of the travel path [41].
To avoid producing an accuracy error at the transi-
tion between two rack sections, the gap between two
rack pieces is established using an assembly gauge, a
short toothed rack piece that meshes with the teeth
of both adjacent rack sections and thus sets the cor-
rect tooth pitch across the transition [43]. As the
interfaces of the rack and linear guide rail sections
are not designed to be flush with the interfaces of
the base plate, the rack and guide rail sections can
always be attached to two sections, which adds ad-
ditional rigidity. Torque and speed are transmitted
via a planetary gearbox that connects the pinion
and the motor.

4.2. Stiffness-adjustable module

The design proposed in this paper builds on the
principle of an adjustable spring element presented
by Hansmann et al. and extends its capabilities to-
wards bidirectional force transmission in opposite
spatial directions [38] (see Section 3.2). The ad-
justable spring element is based on a spring plate,
which is attached to two structures by several con-
nection pins, as illustrated in Figure 2. One struc-
ture remains fixed (fixed structure), while the other
structure is rotatable (rotatable structure). The re-
sulting stiffness in the z-direction is determined by
the angular position ¢ of the connection pins of the
two structures relative to each other. At an angular
position of ¢ = 0°, all connection pins mounted on
the fixed structure are perfectly aligned with the
connection pins on the rotatable structure. The
spring plate is, therefore, fixed into place and is
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Figure 1: Overview of the complete feed axis with two extension segments.
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Figure 2: Working principle of the stiffness-adjustable mod-
ule — The angle ¢ between the connection pins can be
changed by rotating the fixed and the rotatable structure
relative to each other. This changes the preload of the spring
plate and, thus, the stiffness in the z-direction.

not able to move in the z-direction. At this po-
sition, the module achieves its maximum stiffness.
To reduce the stiffness of the module, the angu-
lar position ¢ is increased by rotating the rotatable
structure relative to the fixed structure. As shown
in Figure 2, increasing the angular position causes
the connection pins of the two structures to become
misaligned. This misalignment reduces the effective
stiffness of the stiffness-adjustable module. Specifi-
cally, the stiffness now depends on the angular posi-
tion ¢, as this determines the portion of the spring
plate that is able to move freely. It is important to
note that adjusting the angular position ¢ does not
affect the height of the stiffness module, provided
no external forces are applied in the z-direction.

In the design proposed in this paper, the connec-
tion pins are mounted in two housings using cylin-
drical pins. To reduce friction when changing the
angular position, brass cases are fitted on the cylin-
drical pins attached to the rotatable structure. As
shown in Figure 3, for compression forces £}, the
force is transmitted from one housing to the other
via the spring plate. In the case of tensile forces

Dowel pin

s\
2] v R
Central screw

‘l \
L

T
!-i§§
SN

- A4

Connection pins

Spring plate

Figure 3: Section view of the stiffness-adjustable module
with force flow. Compressive forces F,, (marked green) are
transferred directly through the spring plate to the other side
of the module. Tensile forces F} (marked red) are transferred
to the spring plate through a central screw and then to the
other side of the module via additional screws.

F, the force is transmitted through a central screw
to the spring plate and then to the fixed structure,



as shown in the force flow in Figure 3. This allows
the stiffness to be modified both in the positive and
negative X-directions of the MRMT. The module
is designed to accommodate a maximum load of
5kN. The spring plate is constructed using multi-
ple 0.5 mm thick spring steel disks, allowing a wide
stiffness range that can easily be tailored to specific
requirements (see Section 6.2). The lateral forces
generated during the milling process are captured
by linear guides, which are realized with dowel pins
and straight linear plain bearings. The stiffness of
the module can automatically be adjusted using a
linear actuator connected to the rotatable struc-
ture. In addition, it is also feasible to change the
stiffness using a rotary actuator.

5. Results

The two research questions formulated in Sec-
tion 2.3 are now addressed experimentally. Sec-
tion 5.1 quantifies how the accuracy of the MRMT
feed axis evolves along an axis assembled from a
base segment and two extension segments. Sec-
tion 5.2 then quantifies how the static stiffness, the
dynamic response and the chatter stability bound-
ary of a milling process change with the angular po-
sition ¢ of the stiffness-adjustable interface module.

5.1. Length-adjustable feed azis

Because the travel range is extended by adding
segments, the resulting interfaces may compromise
the geometric accuracy of the axis. This subsection
quantifies the straightness and angular deviations
of the carriage motion over the extended travel.

Figure 4: Experiment setup for measuring the straightness
deviation of the length adjustable feed axis using a 6DOF
laser tracker target. The index M denotes the fixed ma-
chine coordinate system, the index 7" the coordinate system
of the laser tracker target moving with the carriage. The
straightness and rotatory deviations along the axis X, are
measured.

A Leica AT960MR laser tracker is used for the
straightness deviation test (see Figure 4). A 6-
degree-of-freedom (DOF) laser tracker target is
mounted on the axis carriage plate. The axis,
assembled from the base segment B and the two
extension segments E1 and E2 (see Figure 1), is
driven from a starting position of 0 mm in axis co-
ordinates to a final position of 470 mm at differ-
ent speeds of 50mms !, 250mms !, 500mms !
and 600 mms—!. For each speed, six measurements
are taken: three during the forward movement of
the carriage and three during the reverse movement
of the carriage. For each direction of travel, the
three runs are interpolated piece-wise linearly onto
common sample points to avoid sampling errors,
and the point-wise mean and standard deviation o
across the runs are then computed. In our mea-
surement setup, the 0 mm position corresponds to
the center of the carriage of the MRMT being at
its end-stop. As shown in Figures 4 and 5, at this
position, the outermost slide carriages, which are
mounted on the carriage plate (see Figure 1), are
approximately centered over the gap between the
extension segments E1 and E2. Critical positions
where deviations may occur are when the center of
the carriage plate is fully positioned on the mid-
dle extension segment E2 when the pinion crosses
the gap between the jointed racks, or when the car-
riage transitions between extension segment E2 and
the long base segment B. Positioning and rotational
deviations (D, Yaw, Pitch, Roll) along the axis are
measured with the laser tracker, with the primary
metric being the least squares deviation between a
nominal line and the measured trajectory. To show
possible deflections due to shifts in the interfaces
between the extension segments, a nominal line is
calculated using measurement points taken along
the large base segment B in the direction of Xj;.
As a result, positioning errors in X, direction can-
not be measured and only deflections in Y7, Zp are
considered. In the terminology of ISO 230 [44, 45],
the quantities evaluated here therefore belong to
the geometric accuracy of ISO 230-1 rather than to
the positioning accuracy of ISO 230-2. The devi-
ation D in Yr/Zp is the straightness deviation of
the carriage motion (the linear error motions Ey x
and Eyzyx), while Yaw, Pitch and Roll are the an-
gular error motions Fox, Epx and Eax. The
bidirectional positioning parameters of ISO 230-2
— positioning uncertainty A, repeatability R, sys-
tematic deviation F, reversal value B and mean
bidirectional deviation M — require target-position
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measurements along the travel direction Xj; and
are outside the scope of this evaluation; the for-
ward /backward consistency is instead characterized
globally by the Normalized Root Mean Squared Er-
ror (NRMSE) defined below.

The laser tracker provides the rotation data as
quaternions at the sampled time steps; for read-
ability, all rotations are reported as intrinsic Tait-
Bryan angles Zr — Y] — X% (yaw, pitch, roll).
Two coordinate systems must be considered (see
Figure 4): the fixed machine coordinate system
(X, Yo, Zy) and the moving coordinate system
of the laser tracker target (Xr,Yr, Zr). For zero
rotation the two systems are parallel (Xp || X,
Yr || Yar, Z1 || Zanr); nonzero rotation corresponds
to a deviation from this parallelism.

At the measurement distance of 2 m in this setup,
the maximum permissible error (MPE) of the laser
tracker for positioning deviations is 27 pm, calcu-
lated from the specified MPE of 15 pm + 6 pmm ™~ *.
The MPE for rotation is 0.01° [46].

The straightness deviation results for a speed of
50mms ! are shown in Figure 5. At the higher
speeds of 250mms !, 500mms ! and 600 mms !,
the measurements show basically identical behav-
ior, only sampled more coarsely, and are therefore
not shown separately. For comparison, the aver-
age straightness deviation D over all measurement
runs for each forward and backward movement, as
well as the corresponding standard deviations o, are
plotted separately for the base and extension seg-
ments. Note that the length of the carriage plate
is twice the length of a single extension segment.
This is important because it smooths out the de-
viations in straightness deviation. The standard
deviations across all measurements do not exceed
o = 10.56 pm, which is below the MPE. The run-
to-run variation can therefore not be separated from
the measurement uncertainty, and the repeatabil-
ity of the axis is at least as good as this value.
The straightness deviations themselves, of up to
175.88 um, exceed the MPE by a factor of about 6.5
and are thus clearly attributable to the axis. The
measurements show consistent results for both for-
ward and backward movement of the carriage (see
Figure 5). Quantitative validation of this observa-

tion is provided by the NRMSE,

RMSE
max (D) — min(Dy)’

NRMSE =

N
1 — — |2
RMSE = | + ; (Ds,; — Dy ;)

where EJ: denotes the mean position deviation in
forward direction at sample point ¢, D7b,¢ the cor-
responding value in backward direction, max, min
denote the maximum and minimum values respec-
tively and N denotes the sample size. The NRMSE
between forward and backward runs is 0.0236.
Straightness deviation variations observed in the
base segment of the feed axis range from 2.05pm
to 44.5num. These variations are due to manu-
facturing and assembly issues and are not specific
to the length-adjustable design. The straightness
deviation of the extension segments varies from
6.76 pm to 175.88 pm. The straightness deviation
over the extension segments shows a sinusoidal be-
havior with two peaks at 175.88 um (forward move-
ment) and 89.65 pm (forward movement). The ob-
served peak-to-peak distances correspond to the
length of one extension segment.

The recorded measurement results indicate that
the rotational components roll, pitch, and yaw gen-
erally remain within an order of magnitude of 0.1°.
The standard deviations observed in the measure-
ments (run-to-run repeatability across the three
repetitions) are below 0.01°, which is within the
MPE of the measurement setup. A significant fluc-
tuation in the yaw angle was observed for the base
segment B (Max — Min = 0.101°), which is markedly
larger than for the extension segments (Max —
Min = 0.056°). The pitch behavior differs between
the two segments: pitch decreases noticeably along
the traveled distance within the base segment B,
while it increases along the traveled distance within
the extension segments. A direct comparison be-
tween the base segment B and the extension seg-
ments highlights the role of assembly precision and
manufacturing constraints: within the base seg-
ment B, a variation of Max — Min = 0.042° can be
observed, whereas the extension segments exhibit a
larger variation of Max — Min = 0.068°, i.e. approxi-
mately 62 % worse. Evaluation of the roll measure-
ments provides further insight into the alignment
quality of the system. The roll values within the
base segment B vary by Max — Min = 0.07°. For
the extension segment E2, which is fully traversed



over a traveled distance of 39 mm to 98 mm, a vari-
ation of Max — Min = 0.041° is observed. For the
extension segment K1, which is only partially tra-
versed (0 mm to 39 mm and 98 mm to 163 mm com-
bined), a larger variation of Max — Min = 0.062° is
observed. The total variation over both extension
segments combined is likewise Max — Min = 0.062°
(set by E1), indicating that alignment deviations
accumulate across the segment interfaces.

5.2. Stiffness-adjustable module

Two different types of tests are performed to vali-
date changes in static stiffness and dynamic behav-
ior in terms of natural frequency shifts as a function
of angular position ¢.

First, the change in static stiffness
as a function of the angular position
¢ € {10°,20°,630°,40°,50°,60°} is measured.
A static compression load of 5kN is applied to
the stiffness-adjustable module in the z-direction
using a hand press. This load corresponds to the
nominal load of the module. The force applied to
the module is measured using a Burster 8524-6005
compression load cell, and the displacement is
measured using a Burster 8709-5100 potentiomet-
ric displacement sensor. Three experiments are
performed for each angular position, and then the
measurements are averaged. Thus, inaccuracies in
manual force application, as well as measurement
inaccuracies, are minimized. In addition, the mea-
surements are performed for different thicknesses
T = {4mm,5mm} of the spring plate to study this
influence as well.

The results of the static stiffness experiments
are shown in Figure 6. It can be observed that
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Figure 6: Measured static stiffness (compression) values of
the stiffness-adjustable module for different angle settings ¢
and spring plate thicknesses T'.

for a constant thickness T' of the spring plate, the

static stiffness decreases with increasing angular po-
sition ¢. The static stiffness values for T = 4 mm
vary between 2089.35Nmm ! at ¢ = 10° and
644.47Nmm ' at ¢ = 60°. For a spring plate
thickness of 7' = 5mm, the stiffness values range
from 2613.93Nmm ! at ¢ = 10° to 694 Nmm ! at
© = 60°.

Impact hammer tests are performed to evaluate
the changes in the dynamic behavior of the stiffness-
adjustable module as a function of the angular po-
sition ¢. The impact hammer tests are performed
only for the spring plate thickness configuration
T = 5mm. The test setup is as follows: The mod-
ule is clamped to a machine table using a machine
vice. The module is excited on its upper side with
a Kistler 9726 A20000 quartz impulse force hammer
in the operating direction of the spring plate (z-axis
of the module, see Figure 3), and the force excita-
tion is measured. The system response is measured
with a PCB-356A33 triaxial accelerometer mounted
on top of the structure of the stiffness module that
can move freely and is not clamped by the machine
vice.

Figure 7(a) shows the measured frequency re-
sponse functions (FRFs) for all six angular posi-
tions. A clear shift of the resonance with the angu-
lar position is visible; the frequency of the module
mode identified below is marked by dashed verti-
cal lines. In the range around these frequencies the
coherence exceeds 0.8 at every angular position, so
that according to Goldman the measurements can
be considered usable [47]. Towards the upper end
of the measured band the coherence degrades; for
© = {20°,40°,50°} it no longer reaches 0.8 above
approximately 240 Hz to 290 Hz, which sets the up-
per limit of the evaluation. All frequencies of the
module mode lie below this limit.

For each angular position %) €
{10°,20°, 30°,40°, 50°,60°}, the module is excited
in the z-direction and the response is recorded in
all three directions of the triaxial accelerometer,
which yields three FRFs per angular position with
a common reference. Natural frequencies, damping
ratios and complex mode shapes are extracted
from these measurements using the least-squares
complex frequency-domain estimator PolyMAX
[48], which returns an unordered set of 6 to 13
poles per angular position. Because the response
is measured at a single location, each mode shape
is a three-component vector: it characterizes the
direction in which a mode moves, but not its
spatial distribution over the structure. The FRF
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Figure 7: Dynamic behaviour of the stiffness-adjustable module for a spring plate thickness of T'= 5mm. (a) FRFs measured
at the six angular positions ¢; the dashed vertical lines mark the frequency foq of the identified module mode. (b) fiod as
a function of ¢. The solid line is the single-parameter model fi,o4(¢) = fs \/Cstatic(<P)/Cstatic(<,0ref) derived from the static
stiffness model of Figure 6, with fs = 120.26 Hz, ¢,ef = 40° and R? = 0.966. Open symbols at ¢ = 40° and ¢ = 50° mark the
settings of increased identification uncertainty discussed in the text.

measured in the direction of the applied force,
shown in Figure 7(a), is the one used for the
stability analysis in Section 5.2.1.

The measured structure comprises not only the
module but also the machine vice and the machine
table to which it is clamped, so the identified poles
include modes of the surrounding setup. Neither
their number nor their ordering by frequency is pre-
served across ¢, and the module mode can therefore
not be selected at each angular position in isolation.
It has to be identified as a chain, that is, a selec-
tion of one pole per angular position. With the
given pole counts, 316,800 chains can be formed, of
which only one represents the module mode while
all others mix poles belonging to different modes.
Building the chain incrementally, by tracking the
mode shape from one angular position to the next,
is not reliable here: the frequency of the module
mode changes by more than a factor of two over
the adjustment range and therefore crosses several
other poles of the structure, so that a single local
decision propagates into all subsequent ones. The
chains are therefore evaluated as a whole.

The primary selection criterion is derived from
the static stiffness measurements of Figure 6 and is
thus independent of the modal data. For a single-
degree-of-freedom oscillator, the natural frequency
is
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i Cstatic
2\ m

Changing the angular position ¢ alters which
portion of the spring plate is free to deflect, but
not the mass of the freely moving part of the mod-
ule, so m can be assumed independent of ¢ while
the modal stiffness k& is proportional to the mea-
sured static stiffness cstatic(¢). The frequency of
the module mode is then expected to follow

f

Cstatic (30)
Cstatic (Sorcf)

f(‘p) =fs

where @, is an arbitrary reference angle. The scal-
ing parameter fs absorbs everything the static mea-
surement does not determine, namely the modal
mass and the ratio between the statically measured
stiffness and the modal stiffness of the mode. The
shape of the curve over ¢ is therefore fixed by the
static measurement, and its absolute level is the
only free parameter. Fach of the 316,800 chains
is fitted in this way and rated by its coefficient of
determination R?.

This criterion is selective: only 6 of the 316,800
chains reach R? > 0.95, and only 25 reach R? >
0.90. Within these few candidates, however, the
differences in R? are of the order of 0.002. A de-



cision based on R? alone would not be meaningful,
so a second, independent criterion is applied.

The second criterion is the z-dominance of the
mode shape, defined as the fraction of the mode
shape acting in the z-direction. It follows directly
from the design of the module: the compliance in-
troduced by the spring plate acts in the z-direction
only, whereas lateral forces are carried by the lin-
ear guides described in Section 4.2. A mode be-
longing to the module must therefore move pre-
dominantly in z, while modes of the vice and the
machine table have no reason to do so. Since the
z-dominance is evaluated from the mode shapes
and the frequency criterion from the static stiff-
ness measurement, the two criteria are independent
of each other. The selected chain is not the one
with the highest R? = 0.968. That chain was dis-
carded because its mode shapes are only weakly z-
dominant, with a minimum of 0.55 across the six
angular positions. The selected chain reaches a
minimum z-dominance of 0.72 at a marginally lower
R? = 0.966.

Figure 8 shows all 61 identified poles. Besides
the six poles forming the module mode, two clus-
ters remain nearly constant over . The first, at
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Figure 8: All 61 poles identified at the six angular positions.
The module mode forms a chain whose frequency varies by
more than a factor of two over ¢, whereas the two pole clus-
ters near 248 Hz and 301 Hz remain nearly constant and are
attributed to the machine vice and the machine table. Poles
without a consistent assignment across angular positions are
shown in grey.

approximately 248 Hz, occurs at five of the six an-
gular positions and varies by less than 3 Hz; as it
does not follow the stiffness trend, it is attributed
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to the vice and the machine table. The second, near
301 Hz, is more scattered and lies above the coher-
ence limit identified above at four of the five angular
positions at which it appears, so that its parame-
ters are less reliable; it is likewise excluded. The
remaining 45 poles cannot be assigned consistently
across angular positions. Among them are poles
below the module mode, between 24 Hz and 66 Hz,
present at every angular position. They are not z-
dominant, show no consistent mode shape across
¢, and do not follow the stiffness trend (R? = 0.55
against the same one-parameter model, compared
with R%2 = 0.966 for the module mode). They are
therefore not attributable to the module; their ef-
fect on the stability boundary is addressed in Sec-
tion 5.2.1.

Figure 7(b) shows the frequency fioq of the iden-
tified module mode as a function of the angular
position; the corresponding modal parameters are
summarized in Table 1.

Table 1: Modal parameters of the identified module mode
for T'= 5mm. cggatic is the independently measured static
stiffness (Figure 6), ¢ the damping ratio, and z-dom. the
fraction of the mode shape acting in the operating di-
rection of the spring plate. The Modal Assurance Crite-
rion (MAC) refers to the pair formed by the given setting
and the next larger ¢; since the response was measured
at a single location, the mode shapes have three compo-
nents, so a MAC of about 1/3 corresponds to unrelated
shapes. Af is the deviation from the single-parameter model

fmod(so) = fS \/Cstatic(30)/Cstatic(90ref) with fs = 120.26 Hz.

® Cstatic fmod ¢ z- MAC Af

[l INmm~'][Hz] [%]  dom. - (%]

10 2619.5 220.66 14.9 0.72 0.36 +1.8
20 1338.8 161.81 32.2 0.96 0.84 +4.4
30 972.5 125.62 26.3 0.98 0.75 —4.9
40 805.7 115.07 114 0.81 0.36 —4.3
50 712.2 121.25 14.5 0.75 0.58 +7.2
60 653.1 96.09 17.6 0.97 —11.3

For a spring plate thickness of T' = 5mm, fioq
decreases from 220.66 Hz at ¢ = 10° to 96.09 Hz
at ¢ = 60°, a shift of 56.45% over the adjustable
range. Consistent with the single degree of free-
dom (SDOF) hypothesis used for the identification,
the frequency is described not by an independent
three-parameter regression but by scaling the static
stiffness model of Figure 6, with a single free pa-
rameter f; = 120.26 Hz and an arbitrary reference
angle ¢, = 40°. The model reproduces the six
measured frequencies with R? = 0.966, with de-
viations listed in the last column of Table 1 that



reach 11.3% at ¢ = 60°. The reported shift is sen-
sitive to this last value: had fu,0q(60°) followed the
model exactly, the shift would amount to 50.9 %
rather than 56.45%. Since the same trend was
used to select the mode, this agreement quantifies
the internal consistency of the identification rather
than confirming it independently; the independent
evidence for the selected chain is the z-dominance
listed in Table 1. The MAC values given alongside
are computed from three-component mode shapes
and therefore have limited discriminating power,
since a value of about 1/3 is already expected for
unrelated shapes. They support the continuity of
the chain at three of its five transitions. As a plausi-
bility check, back-calculating an equivalent modal
mass from m = cgatic(¢)/ (27 fmod)? yields a me-
dian of 1.46 kg, which is the expected order of mag-
nitude for the freely moving part of the module.

The damping ratios in Table 1 are high, be-
tween ¢ = 11.4% and ¢ = 32.2%, compared
with the 1% to 5% typical of machine tool struc-
tures. This is consistent with frictional dissipa-
tion in the preloaded pin-to-spring-plate contacts
through which the module transmits load. It broad-
ens the resonance peaks, so that individual pole
frequencies are resolved with correspondingly lower
accuracy, and it affects the stability boundary eval-
uated in Section 5.2.1.

Two observations qualify the frequency trend.
First, it is not strictly monotonic: the value at
@ = 50° lies 5.4 % above the value at ¢ = 40°, al-
though the static stiffness decreases monotonically
over the entire range. Second, the mode shapes
are least clean at exactly these two settings: the
z-dominance falls to 0.81 and 0.75, compared with
0.96 to 0.98 at ¢ = 20°, 30° and 60°, and the two
MAC values adjoining ¢ = 40° drop to the level
expected for unrelated shapes (Table 1). Both ob-
servations are consistent with a curve-veering in-
teraction, in which the module mode approaches a
further structural mode in the range 40° < ¢ < 50°
and exchanges shape content with it, so that it de-
parts locally from the stiffness-governed trend. The
frequencies at these two settings therefore carry a
higher identification uncertainty than the remain-
ing four, whereas the overall trend and the two end
points of the adjustment range are unaffected.

The stability of the identification was assessed by
resampling the parameters of the static stiffness fit
100 times from their covariance matrix and repeat-
ing the complete selection. The same chain is ob-
tained in 83 % of the resamples, and the assignment
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at ¢ = 60° in 98 %. The dominant alternative, ac-
counting for 15 of the 17 deviating cases, is inferior
in every criterion when evaluated against the origi-
nal stiffness fit (R? = 0.948, minimum 2-dominance
0.35, MAC between 0.20 and 0.63) and is therefore
regarded as an artefact of the uncertainty in the
stiffness fit parameters rather than as a competing
interpretation.

5.2.1. Process-side evaluation:
grams

The shift of the natural frequency demonstrated
above directly translates to a change in the chatter
stability boundary of a milling process. To quantify
this effect, stability lobe diagrams (SLDs) are com-
puted from the measured FRFs for each of the six
angular positions ¢ € {10°,20°,30°,40°,50°,60°}
using the Fourier-series-based analytical method
introduced by Altintas and Budak [49]. In
this method, the time-varying directional dynamic
milling coefficients are expanded in a Fourier series
and truncated. The limiting axial depth of cut ajin,
as a function of spindle speed n is then obtained
from the oriented FRF together with the specific
cutting force coefficients and the force angle of the
tool-workpiece pair.

It should be stated at the outset that this evalu-
ation is analytical rather than experimental. A sta-
bility lobe diagram is strictly defined for the recep-
tance at the tool tip, which includes the dynamics
of the spindle, the tool holder and the tool. In the
present setup, the freely moving side of the module
carried neither a spindle nor a tool, so the measured
FRFs describe the module together with its clamp-
ing, not a machining point. The diagrams presented
below therefore illustrate how the stability bound-
ary responds to a change of the angular position
; they are not predictions of the stability limits
of a particular machining operation, and they are
not validated by cutting tests. Such a validation,
carried out on an MRMT configuration in which
the module is located in the force flow between the
spindle and the workpiece, is part of future work.

The following assumptions are made for the SLD
computation. Fach assumption is stated together
with its effect on the resulting stability boundary.

stability lobe dia-

e Truncation order r = 0: Only the average com-
ponent of the Fourier expansion is retained,
which is the most simplistic approximation in
[49]. This is justified for the present analy-
sis because the average cutting force per tooth



period is independent of the helix angle, so
the resulting expression is valid for helical end
mills as well [49]. The trade-off is that the ac-
curacy of the predicted lobes degrades as the
radial immersion is reduced; for radial immer-
sions of only a few percent, the cutting force
becomes more impulse-like and higher-order
terms or time-domain methods would be re-
quired to capture all stability features [50]. As
the present analysis is carried out at full radial
immersion (slotting), this limitation does not
apply here.

Worst-case milling condition — slotting: Slot-
ting (full-immersion milling) is selected as the
cutting case because it is the most aggressive
standard milling operation in terms of aver-
age chip load and continuous tooth engage-
ment, and therefore yields the lowest chatter-
free depth of cut. Lobe positions and the ab-
solute chatter-free depth of cut obtained for
slotting are thus a conservative bound for less
demanding immersion conditions.

Tool and material parameters: A four-fluted
end mill (N; = 4) with zero helix angle is
assumed, in line with the geometric assump-
tion of [49]. The tool-workpiece pair is char-
acterized by a specific cutting force coefficient
K, = 750 Nmm 2 and a force angle 8 = 75°,
both representative values for milling of alu-
minum alloys. Because the same parameter set
is used for every ¢, any change in the result-
ing SLD can unambiguously be attributed to
the change of dynamic stiffness induced by the
module.

One-dimensional FRF measurement:  The
stiffness-adjustable module modifies the com-
pliance only along a single axis, so the impact-
hammer measurements presented in Figure 7
were carried out one-dimensionally. The Alt-
intas & Budak formulation, however, requires
FRFs in both the feed (X) and the normal
(Y) direction. For the present analysis, the
measured FRF is therefore used identically in
both directions (G (jw) = Gyy(jw)). This as-
sumption is acceptable here because the goal
is to isolate the effect of ¢ on the SLD: any
anisotropy of the surrounding structure would
be common to all six ¢ settings and would not
change the relative shift of the lobes between
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them. Absolute values of aji,, however, must
be interpreted with this assumption in mind.

o Accelerance instead of receptance, measured at
the module: As described in Section 5.2, the
FRF was measured with an accelerometer at-
tached directly to the stiffness-adjustable mod-
ule, which yields the accelerance A(jw) =
X(jw)/F(jw) at this point. The Altintas
& Budak formulation, in contrast, requires
the receptance G(jw) = X (jw)/F(jw) at the
tool tip. The two are related by G(jw) =
—A(jw)/w?, so the conversion is straightfor-
ward; what is not straightforward is the loca-
tion: the receptance at the tool tip would, in
an integrated machine, additionally include the
dynamics of the spindle, the tool holder and
the tool. The SLDs presented here therefore
describe how the stability boundary shifts due
to the module alone, not absolute stability lim-
its of a complete machining setup. A further
consequence of this conversion is that contri-
butions well below the module frequency are
weighted by w2 relative to the module mode.
As shown in this section, this is the reason why
absolute depth-of-cut values cannot be evalu-
ated from the present measurement.

The resulting SLDs are shown in Figure 9. The
stability lobes shift along the spindle-speed axis as
@ is varied, following the frequency of the module
mode reported in Figure 7(b). Between ¢ = 40° and
¢ = 50° the lobes shift back towards higher spindle
speeds, consistent with the local departure from the
stiffness-governed trend discussed in Section 5.2.

The absolute chatter-free depth of cut is not eval-
uated here. The FRFs used for the SLD computa-
tion were measured on the module clamped in a
vice and contain, besides the module mode, further
poles at every angular position, including poles be-
low the module mode between 24 Hz to 66 Hz. The
conversion from the measured accelerance to the
receptance required by the Altintas and Budak for-
mulation scales with w2 and therefore weights con-
tributions below the module mode more strongly
than the module mode itself. As a consequence, the
minimum of aj,(n) is not governed by the module:
at none of the six angular positions does the min-
imum of the real part of the oriented FRF occur
close to the identified module frequency. Restrict-
ing the evaluated frequency band does not resolve
this, since the resulting value of ajim abs then de-
pends on the chosen band limits rather than on the
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Figure 9: Stability lobe diagrams computed from the measured FRFs of the stiffness-adjustable module (T' = 5mm) for each
of the six angular positions ¢ € {10°,20°,30° 40°,50°,60°}. The cutting case is full-radial-immersion slotting with N; = 4,
Ky, =750 Nmm—2 and 8 = 75°. For each curve, the area below the curve corresponds to chatter-free cutting conditions. The
diagrams are evaluated with respect to the position of the lobes along the spindle-speed axis; the absolute level of ajjy, is
governed by resonances of the clamping rather than by the module and is not interpreted here (see Section 5.2.1).

module configuration; for lower band limits between
65 Hz to 85 Hz it varies by up to 70% at ¢ = 60°
and by 43 % at ¢ = 50°. The SLDs presented here
are therefore evaluated with respect to the position
of the stability lobes along the spindle-speed axis,
which follows the module mode, and not with re-
spect to absolute depth-of-cut values. Determining
the latter would require a setup in which the module
is the compliant element of the measured structure,
which is proposed as future work.

For a given spindle speed and depth of cut, the
change of ¢ therefore shifts the lobe pattern relative
to the operating point, so that an operating point
located in an unstable region for one angular posi-
tion can fall into a stable region for another. This
shows that the proposed module enables an in-situ
adaptation of the stability boundaries of the milling
process and is therefore a suitable hardware element
for process-driven reconfiguration of MRMT.

6. Discussion

The two analyses presented in Section 5 are now
discussed with respect to the two research questions
formulated in Section 2.3.
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6.1. Length-adjustable feed axis

To classify the achieved accuracy against indus-
trial practice, Table 2 places the measured ge-
ometric deviations in context (discussed below).
The measurements show that travel-range exten-
sion at the module level is feasible without sacri-
ficing the order of magnitude of accuracy expected
from a feed axis: the maximum straightness devia-
tion observed across the full extended travel range
is 175.88 ym, the rotational deviations stay within
0.1°, and forward and backward runs agree with an
NRMSE of 0.0236. The decisive observation, how-
ever, is not the absolute value but the spatial struc-
ture of the deviations: straightness deviation varies
sinusoidally along the extension segments with a
peak-to-peak period equal to the length of one
extension segment, while the roll deviation varies
across the segment interfaces. The dominating con-
tributor is therefore the assembly interface between
segments rather than the rack-pinion gap or back-
lash. This finding is the answer to the first research
question: at the module level, the limit of travel-
range extension in the present MRMT concept is set
by the geometric quality of the segment interface.



Table 2: Industrial classification of the measured geomet-
ric accuracy of the length-adjustable feed axis. Values are
characteristic magnitudes over the 470 mm travel. The com-
pared quantities differ in type (straightness vs. positioning
accuracy vs. workpiece tolerance) and are intended as an
order-of-magnitude reference only.

Reference Characteristic deviation

This work, base segment  straightness 2.05 pm to
44.5 pm; angular < 0.10° (max.

component: Yaw)

This work, extension
segments

straightness 6.76 pm to
175.88 nm; angular < 0.068°
(max. component: Pitch)
General workpiece tol. 4300 pm / £800 pm
(ISO 2768-f / -m, 400 mm

to 1000 mm) [51]
Industrial
rack-and-pinion axis
(premium) [52]

machine precision

~ 1 pm to 20 pm; rack
cumulative pitch error 12 pm to
15 pm

The measured deviations are assessed against the
general workpiece tolerances of ISO 2768 [51], which
express the accuracy a machined part typically re-
quires, and against the geometric and positioning
accuracy of established CNC feed axes, which rep-
resents the state of the art. The maximum straight-
ness deviation of 175.88 pm stays within ISO 2768-
medium (+800m at the relevant length scale) by
a factor of about 4.5, but within ISO 2768-fine
(+£300 pm) only by a factor of about 1.7, which
leaves little margin for other error sources of the
machining process. Relative to precision milling
centres, whose positioning uncertainty and straight-
ness lie in the single-digit to low-tens-of-micrometre
range, the prototype is roughly one order of mag-
nitude coarser in translation and one to two or-
ders coarser in the angular error motions. The
axis therefore classifies as a coarse- or workshop-
positioning axis, suited to roughing and large-
structure machining rather than precision finishing.
This gap is, however, not inherent to the length-
adjustable principle: as shown above, the dominant
error source is the end-face flatness of the segment
interfaces and the resulting alignment, which face
milling, tapered or kinematic interfaces, and error
compensation can reduce without altering the mod-
ular concept.

When assembling the length-adjustable feed axis,
the primary focus is on the alignment of the
length-extending segments. In the proposed de-
sign, the stiffness at the segment interfaces is ad-
justed by tightening the bolt connectors, which in
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turn strongly influences the alignment of the seg-
ments: the achievable alignment is governed by the
manufacturing accuracy, in particular the flatness
of the aluminum profile end faces, and the observed
straightness deviations can be traced back to in-
sufficient end-face flatness. The forward/backward
consistency reported in Section 5.1 suggests that
neither backlash nor the rack gap contributes sig-
nificantly. With the proposed design, deviations in
straightness appear gradually rather than instan-
taneously because the carriage length is twice the
length of a single extension segment; the result-
ing periodicity of the straightness deviation should
be considered in future compensation strategies.
For more accurate alignment, we recommend face
milling the ends of the aluminum profiles to tight
tolerances. Another potential solution is to design
the end faces with a tapered shape, similar to steep
taper tool holders; further research should investi-
gate such tapered interfaces, as they may allow for
more accurate and easier alignment of the extension
segments.

Another crucial point that significantly affects
accuracy is the alignment of the linear guides to
each other. The surfaces on which the linear guides
are mounted must be dimensioned to match the
face-milled ends of the aluminum profiles to en-
sure consistent alignment. A significant variation
in the yaw angle was observed for the long base seg-
ment (Max — Min = 0.101°, markedly larger than
0.056° on the extension segments), which can be
attributed to assembly and alignment constraints:
The height of the base plate was limited due to the
way the rack and pinion drive had to be mounted.
As a result, the lateral mounting surfaces for the
linear guides were designed to be low in height,
making precise lateral alignment more challenging.
This misalignment is a potential contributor to the
observed yaw variations. Similarly, the pitch be-
havior differs between the two segments — decreas-
ing noticeably along the travel distance within the
base segment (Max — Min = 0.042°), but increas-
ing along the travel distance within the extension
segments (Max — Min = 0.068°, i.e. approximately
62 % larger) — which can be related to alignment
errors during assembly: the aluminum profiles were
cut, resulting in imperfectly perpendicular inter-
faces with respect to the mounting surfaces of the
base plates, which propagates through the linear
guide alignment.

All measurements presented here were taken on
a single assembly of the axis. How far the ob-



served deviations reproduce after disassembly and
reassembly of the segments was not investigated.
This is essential for the compensation strategies
mentioned above: if a compensation has to be re-
identified after every reconfiguration, the required
measurement effort adds to the ramp-up time of
the reconfigured MRMT. The reassembly repeata-
bility of the segment interfaces should therefore be
quantified in future work.

In conclusion, to improve the overall perfor-
mance of the length-adjustable feed axis, future
work should focus on:

e Refinement of the segment interfaces: Inves-
tigate tapered end face geometries to improve
alignment accuracy.

e Compensation strategies: Implement correc-
tion algorithms based on the predictable na-
ture of the straightness errors.

e Optimize assembly techniques: Develop more
robust alignment procedures to reduce error
propagation between segments.

6.2. Stiffness-adjustable module

The measurements answer the second research
question of this paper directly: the chatter stabil-
ity of a milling process can be tuned within a single
mechanical interface module by varying its stiffness.
Three observations support this conclusion. First,
the static stiffness varies between 644.47 Nmm !
(T = 4mm, ¢ = 60°) and 2613.93Nmm ' (T =
5mm, ¢ = 10°), demonstrating that the static be-
havior of the module spans a wide range. Second,
the dynamic behavior is consistent with an SDOF
representation driven by the measured static stiff-
ness: the identified module mode shifts by 56.45 %,
from 96.09Hz at ¢ = 60° to 220.66 Hz at ¢ = 10°
for T'= 5mm. Compared to Hansmann et al. [38],
the operating bandwidth is extended by about 61 %
(from 137Hz to 220.66 Hz), bringing it into the
range relevant for milling processes. Third, and
most important for the MRMT property under in-
vestigation, this dynamic shift propagates to the
chatter stability boundary: the stability lobes move
along the spindle-speed axis as ¢ is varied. The dy-
namic adjustment of a single interface module is
therefore sufficient to actively reposition the stabil-
ity boundary of the milling process.

The comparison between static and dynamic be-
havior is subject to one limitation that follows from
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the two test setups. The static stiffness was de-
termined from a compression test up to the nom-
inal load of 5kN applied with a hand press, and
therefore represents a secant stiffness over the full
load range, whereas the impact-hammer tests were
carried out on the freely vibrating, unloaded mod-
ule and probe the tangent stiffness around the un-
loaded state. These two quantities are not necessar-
ily equal. The spring plate is preloaded and the pins
slide in their contacts, so the force-displacement be-
havior is not linear, and the ratio between the two
stiffness values may itself change with ¢. The scal-
ing parameter fs of the SDOF model absorbs a con-
stant offset between them but not a ¢-dependent
one, and part of the residual scatter of the model,
as well as the spread of the back-calculated modal
mass, is plausibly attributable to this effect. A
characterization of the dynamic behavior under rep-
resentative static preload is therefore proposed as
future work.

The bidirectional force transmission realized in
the module additionally lifts a structural restriction
of the original mechanism by Hansmann et al. [38],
which allowed force transmission only in one spa-
tial direction. This change is not the focus of this
paper but is a prerequisite for using the module as
a generic mechanical interface in an MRMT, where
forces in both positive and negative spatial direc-
tions occur. It should be noted, however, that
the static stiffness was characterized in compres-
sion only; a dedicated characterization of the tensile
load path via the central screw remains open and
should be part of future work. A practical limita-
tion of the current implementation is that changing
the spring plate thickness T' requires manual disas-
sembly. For the goal of automated reconfiguration
this is a drawback that should be addressed in fu-
ture work, for instance by integrating an actuated
stack of spring plates.

Since the frequency model requires only a sin-
gle scaling parameter on top of the static stiffness
regression, it remains simple enough to be imple-
mented in control or edge devices. This approach
is limited to the first natural frequency, which of-
ten has the most influence on process quality, e.g.
chatter. More involved approaches, e.g. Gaussian
process regression or finite element analysis [53, 54]
are more precise over the whole frequency band,
however are more computationally intensive. The
models obtained can be used in the future for a
control system that can adjust the process’s natu-
ral frequencies to the required specifications.



The process-side evaluation in Section 5.2.1
shows that the change of dynamic stiffness induced
by ¢ does not only manifest itself in the FRF, but
also in a measurable shift of the chatter stability
boundary of a representative milling process. Two
implications follow from this. First, for a given
milling process with fixed spindle speed and tool,
the operating point can be moved into a chatter-
free region by selecting a suitable ¢. Second, the
regression models for the natural frequency and the
static stiffness can be combined with the analytical
SLD computation in a feed-forward control scheme.
Such a scheme would, given a target spindle speed
and depth of cut, output the angular position ¢ that
maximizes process stability. The implementation of
such a closed-loop process-stability controller and
its experimental validation in a real milling process
are subject to future work. A further limitation of
the present analysis is that the SLDs are based on
the FRFs measured on the isolated module clamped
in a vice. As shown in Section 5.2.1, the resonances
of the clamping govern the minimum of the limit-
ing depth of cut, so that only the position of the
stability lobes, and not their absolute level, can be
attributed to the module. A meaningful evaluation
of absolute stability limits requires a setup in which
the module is the compliant element of the mea-
sured structure; in an integrated MRMT configu-
ration, the dynamics of the surrounding structure
will additionally contribute to the system response
and the resulting SLDs.

7. Conclusion

This study analyzed how the travel range of a
feed axis and the chatter stability of a milling pro-
cess can be adapted at the module level. The anal-
ysis was carried out on two purpose-built hardware
platforms: a length-adjustable rack-and-pinion feed
axis and a stiffness-adjustable mechanical interface
module.

o Workspace adaptation. Extending the feed
axis at the module level keeps the maximum
straightness deviation at 175.88pm and the
rotational deviations within 0.1° across base
and extension segments. The deviations along
the extended axis are dominated by the as-
sembly interface between segments rather than
by the rack-pinion gap or backlash: straight-
ness deviation varies sinusoidally with a pe-
riod corresponding to the length of an ex-
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tension segment, and the roll deviation varies
across the segment interfaces. The pitch vari-
ation was larger on the extension segments
(Max — Min = 0.068°) than on the base seg-
ment (Max — Min = 0.042°), about 62 % larger.
The geometric quality of the segment inter-
face is therefore identified as the primary limit
of intra-module travel-range extension and as
the main lever for further improvement, e.g.
through tapered interfaces and face-milled end-
faces, as well as integrated metrology.

e Process-stability adaptation: Varying the an-
gular position ¢ of the stiffness-adjustable
interface module changes the static stiffness
between 644.47 Nmm ! and 2613.93 Nmm !
(across both spring plate thicknesses) and
shifts the dominant natural frequency of the
module by 56.45 %, from 96.09 Hz to 220.66 Hz.
Stability lobe diagrams derived from the mea-
sured FRFs for each ¢ show that this dynamic
adjustability propagates to the milling process:
the lobe positions along the spindle-speed axis
change with ¢. A previously unstable oper-
ating point can therefore be moved into the
chatter-free region by selecting a suitable ¢,
which establishes the module as a hardware
element for in-situ adaptation of the process
stability boundaries in MRMT.
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