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Abstract

The adoption of biological principles and materials plays a decisive role in the conversion to sustainable production technologies. Measures for
the biological transformation of a machine tool were implemented following the example of warm-blooded animal, which automatically control
their core temperature and, depending on their habitat, possess an insulating layer of fat. In this work, thermal insulation measures were
implemented on machine tools using renewable materials and their effects were evaluated.

Insulation materials of petrochemical origin such as polystyrene (Styrofoam) were replaced by alternatives made of mycelium with comparable
heat insulating properties. On the lower machine bed, a slowdown of the cooling rate was observed after application of insulation materials at
external temperature drops. The insulation between the machine bed and the control cabinet was also found to reduce tool centre point (TCP)
displacement. This cost-efficient measure reduces the error during the process and the effort required to correct the linear axes and to heat and
cool the machine.

To homogenize the temporal and spatial temperature profile of machine tools, a control system was developed to compensate for thermally
induced errors by means of adaptive active cooling. Therefore, a model predictive control using an embedded artificial intelligence (Al) model
to forecast the structural temperature development was implemented. Through a hybrid training database combining experimental and
simulative data series, a both flexible and precise determination of the thermal system behaviour could be achieved. On a real production
machine, the active cooling system is divided into five individually controllable and adjustable cooling circuits. This approach allows cooling
the machine structure according to time and local demand to minimize thermally induced TCP displacement under variable operating
conditions.

This paper serves to define and evaluate possibilities and requirements for the integration of bio-based insulation materials and control
algorithms for homoiothermic conditions in production machines.

© 2023 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 56th CIRP International Conference on Manufacturing Systems 2023

Keywords: thermal insulation; biobased baterial; homoiothermic, model-predictive control, cooling cycle, machine tool, production machine

1. Introduction machine's electrical and mechanical components, or convection
in the ambient air [1]. Thermal effects that can occur in machine

Thermal effects on machine tools are the changes in machine  tools during operation of its linear axis include thermal
accuracy and performance caused by temperature variations. expansion and deformation [2]. These effects can lead to
These effects can be caused by internal and external factors,  reduced accuracy and increased wear of machine components,
such as friction, the machining process, heat generated by the =~ which in turn can result in lower productivity and higher
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maintenance costs [3]. To mitigate thermal effects, machine
tools are often equipped with cooling systems, temperature
monitoring systems or insulating materials [4].

In this paper, two measures to minimize thermal effects in
machine tools that may also play a role in the biological
transformation in production technology are presented.

1.1. Biologicalisation in Production Technology

Biologicalisation in manufacturing refers to the
incorporation of biological materials, systems and processes
into the production of goods. It is a subset of biomanufacturing
that involves the use of living organisms or their derivatives to
produce a wide range of products. Biologicalisation of
manufacturing includes the use of microorganisms, plant cells,
or animal cells to produce materials such as biofuels,
bioplastics, or biocomposites. It also includes the use of
enzymes, bacteria, or other microorganisms to perform
bioprocesses such as fermentation, biodegradation, or
bioremediation. The goal of biologicalisation is to develop
more sustainable and efficient production methods that can
reduce the environmental impact of manufacturing and
dependence on fossil feedstocks [5]. Homoiothermic
organisms are able to adapt their metabolism independently
and arbitrarily to changing environmental conditions and to
store heat through insulating tissue layers in order to keep their
body temperature constant. This biological principle serves as
(bio-)inspiration in the paper. In manufacturing, different
biologicalisation levels are described in literature, such as bio-
inspiration (e.g., lightweight construction and bionics), bio-
integration (e.g., substitution of chemical by biological
processes) and biointeraction (novel self-sufficient production
technologies, so-called bio-intelligent value creation systems)
[5,6]. The fundamental levels of integration as a basis for the
process are the technical level, the information level and the
biological level. The work integrated biobased and
biodegradable insulation materials consisting of cultured
organisms (biological level), a model predictive control for
intelligent and predictive control and regulation (information
level) to minimise the thermal error in a machine tool (technical
level).

1.2. Thermal Effects in machine tools

The evaluation of the thermoelastic behavior of machine
tools has been an essential focus of precision mechanics and
metrology for several decades due to the productivity and
precision requirements of the machining industry. According
to analysis by Mayr et al., up to 75% of all geometric errors in
workpieces can be attributed to thermal factors. The evaluation
of the thermoelastic behaviour of machine tools has been an
important topic in precision mechanics and metrology for
several decades. The increased productivity and precision
demands of the metalworking industry over the last 20 years
have led to more dedicated and extensive research on the
subject and have led the scientific community to estimate that

up to 75% of geometric workpiece errors can be attributed to
thermal problems in machine tools [1].

The cause of thermal effects in machine tools are, on the one
hand, motors and guides that generate heat during operation
and thus cause temperature gradients. Furthermore, there are
internal effects due to process heat and additional frictional
heat from axis movement after the warm-up phase. In addition,
there are external temperature fluctuations due to convection of
the ambient air. To mitigate these, a number of measures have
already been formulated and are being actively implemented.
These include design measures to reduce heat transfer, special
warm-up procedures or thermal conditioning of machine tool
components with cooling circuits. Air conditioning of the
production environment is also a crucial and frequently used
means. Warm-up processes and thermal conditioning consume
a lot of time and energy and thus increase production costs or
reduce productivity. [7] Although air conditioning of the
production environment is necessary to maintain the ambient
temperatures specified in international standards, it requires
investment and leads to high variable costs.

2. Mycelium based Insulation

Mycelium has gained significant interest as a biobased and
biodegradable material for technical applications due to its low
cost manufacturing and configurable properties [8]. The
mechanical, thermal and stability properties can be tuned by
varying the mushroom strain, added substrates, and surface
modification. The hydrophobic properties of mycelium make it
suitable for various applications such as packaging and
insulation. Biobased resins can be added to increase
mechanical durability, making it an attractive alternative to
traditional synthetic materials. Mycelium can also be grown in
free-form geometries, depending on the growth shape, allowing
for innovative design possibilities [9]. In recent years, research
: has explored the use of
mycelium in 3D

printing, offering a
novel approach for
creating complex
structures  with  this
sustainable and
versatile material.

Overall, mycelium has
great potential as a
renewable and
sustainable material in
technical applications.

Figure 1: Top view of DMG MORI DMU 40
Evo® machine tool. Insulated machine areas
at the lower machine bed (1) and between
control cabinet and machine tool (2) are
highlighted in red.

2.1. Methods

To insulate the machine from internal and external heat
sources, insulation structures were fitted to two machine areas.
One is the lower machine bed, as heat sources or drops are
likely to occur here in contact with the ambient air. In addition,
the control cabinet, which is located in the rear part of the
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machine under consideration, is a constant internal heat source.
The gap between the machine structure and the control cabinet
was therefore also insulated with mycelium plates. For the most
complete insulation possible, the mycelium plates were
produced in different rectangular standard sizes and could thus
also be attached to areas that were difficult to reach or
interrupted by cable shafts [10].

The mycelium was supplemented with hemp hurds and
allowed to grow into a shape suitable for the machine. The
procedure used here, including the parameters relevant for
growth, was described in [10] and retained for the experiments
discussed in this paper. To evaluate the insulating performance,
the machine was first measured without mycelium attached,
both in idle mode with activated control and during load
operation (X-axis speed of 30 m/min). After seven hours of
load operation, the machine was stopped and remained in idle
mode for five hours. Temperature data was collected from the
lower machine bed and in the upper area near the linear axis. In
a second step, the displacement of the TCP in x, y and z
directions was recorded by attaching the measuring cell to the
tool in the working area.

2.2. Results

The displacements of the TCP over the twelve-hour period
before and after mycelium application were compared.
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Figure 2: Displacement of the TCP in x-, y- and z-direction during operation
under load (t - ty) and subsequently in idle mode under control (t7, - tion).
Graphs with an x as data points show applied mycelium in comparison with
the stock machine tool represented in the same colour (x-axis: blue; y-axis:
red; z-axis: black).

The TCP displacements under load operation show a
maximum deviation of 11 pm (x), respectively 6 um (y) on the
x- and y-axes without attached mycelium insulation. On both
axes, the displacement drops again in the resting state. On the
z-axis, the maximum displacement is 2 um under load and then
increases to over 5 um. After application of the mycelium, the
maximum displacement under load drops to 8 pm (x) and 4 pm
(y) and remains at a maximum of 2 um for the z-axis. On the
z-axis, the TCP displacement increases to a maximum of 9 um
in idle mode (Figure ).

The temperature profiles inside the machine tool show an
average temperature rise of 0.19 K/h without mycelium and
0.13 K/h with mycelium attached, before reaching a plateau
after 5h. The overall delta of the machine temperature
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Figure 3: Delta of temperature profile of the machine tool during operation
under load (t - t7,) and subsequently in rest mode under control (t7;, - ti2n).
Graphs for the applied mycelium are plotted in green, two experiments with
attached mycelium are displayed in blue (A) and orange (B) colour.
decreased to 1 °C when mycelium was applied. Between the
cold start and highest measured temperature was a delta of
1.5°C at the stock machine (Figure ). Temperature was

measured at two spots in the upper machine bed.

2.3. Discussion

In the area of the x- and y-axis, the warm-up behaviour of
the machine after the start of load operation could be changed
by the mycelium application. Thus, at the start of the
measurements to, the insulated system contained residual heat.
As a result, the plateau of the constant machine temperature
was reached faster and with lower delta with mycelium
application in the machine tool. Taking this difference into
account, the residual heat remaining in the system as well as
the optimised warm-up behaviour should be emphasised.

The temperature rise and increasing TCP displacement on
the z-axis after the end of load operation is due to the lack of
convection in the idle state. Here, the linear motors are no
longer in motion and thus reduce the air circulation in the
machine. Since waste heat continues to be emitted from the
moving parts, the effects mentioned above occur here.

3. Model Predictive Control of Active Cooling Systems
3.1. Homoeothermic machine tool

Homoeothermic organisms have the ability to maintain core
body temperatures at a constant level independent of external
or internal influences on the energetic balance. This enables
them to live self-sufficiently and efficiently under, in some
cases, adverse environmental conditions. If this fundamental
idea is transferred to machine structures, the goal of a
homoeothermic machine tool can be formulated. Provided that
the average temperature of structural components does not
change over time despite varying thermal boundary conditions,
no undesirable displacements at TCP are to be expected.
Consequently, a significant improvement in machining
accuracy can be achieved. Setting and maintaining constant
structural temperatures on machine tools requires active
temperature control, for which the active cooling system is
particularly suitable. Due to variable boundary conditions in
production operation, however, an actuated operation under
constant cooling parameters is not sufficient. Thus an
intelligent control solution must be found. The task of the
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control system is therefore to define the cooling parameters in
such a way that the deviation of the individual structure
temperatures from an initially determined target state is
minimal. It must be taken into account that the thermal
behavior of machine tools has a comparatively high time
constant. The final effects of current thermal boundary
conditions in combination with current manipulated variables
will only become visible in the future and a quick counter-
regulation is practically not possible.

3.2. Concept of Model Predictive Control

Against the background of high time constants, a control
system must be able to provide effective manipulated variables
based on a thermal look-ahead. With the current thermal state
of the machine and currently active thermal boundary
conditions, a future progression of the controlled variable must
be predicted. This requires a system model that converts a
current data set into predicted temperature curves of the
structural components. The necessary controller architecture
thus corresponds to that of a model predictive control (MPC),
see Fig. 4. A priori, simulation data (1) from a simulation
model (E) combined with the measured real machine
temperature (2) from the machine (A) is used to train a system
model (B). Those data sets connect machine internal data (3)
as input and temperature data as output. Consequently, this
system model can be applied during machine operation to
transfer machine internal data and the current real cooling
parameters (4) into a predicted machine temperature (5). By
comparing this with the target machine temperature (6), a
control deviation can be derived. An optimizer (C) finds target
cooling parameters (7) by iteratively solving the nonlinear
optimization problem using the system model. Ultimately, the
cooling system (D) transforms the target cooling parameters
into real cooling parameters feed into the machine.

D)

(5)

E)

Fig. 4. Architecture of the model predictive control.

As Fig. 4 indicates, the system model is based on an artificial
neural network (ANN) meeting the requirements of short
calculation times for in-process predictions and the ability to
replicate nonlinear behavior. In preliminary work, the use of
artificial neural networks (ANN) has been successfully applied
to describe the thermal behavior of machine tools [11]. The

ANN is trained with a hybrid data set of simulated and
measured data. Due to long time constants, a pure experimental
approach to provide enough training data is not feasible in
practice. Furthermore, extensive competences in the field of
thermo-elastic simulation of machine tools have been built up
in the Collaborative Research Centre/Transregio 96
(CRC/TRR 96), funded by the German Research Foundation
(DFG).

3.3. Demonstrator with Extended Cooling Unit

As demonstrator, a motor spindle for milling applications
equipped with jacket and shaft cooling circuits is chosen.
However, in the original state, a central pump supplies all
cooling circuits of the spindle and the machine in which it is
used. The inlet temperature is usually two-point controlled
while the individual volume flows result from the resistance
ratios. In order to be able to achieve a time variant cooling
effect, the development of a new cooling unit is necessary (Fig.
5).

Controllable inlet
temperature

Cooling unit

o

Stratified
tank

o
— i Controlled
_— mixer

Centrifugal pump

Spindle testrig

Fig. 5. Spindle test rig to test a motor spindle under defined, realistic loads
(such as torque and radial force) and cooling unit to supply the jacket and
shaft cooling of the motor spindle with defined volume flows and controllable
inlet temperatures.

The cooling unit consist of a warm and cold water supply.
The warm water supply is realized as stratified tank, where the
returning water stratifies based on its temperature. As a results,
only the upper layer of the tank needs to be controlled at the
desired warm temperature. This allows an energy-optimized
operation. The cold tank is kept at constant temperature by a
controlled cooler. For both jacket and shaft cooling, hot and
cold water are combined in a controllable mixer to produce the
desired inlet temperature. The centrifugal pumps are volume
flow controlled with the help of volume flow sensors and
controllable frequency converters.

The spindle test rig allows applying complex load regimes
to the test spindle. In order to simulate process forces,
tangential and radial loads can be applied by a counter spindle
and a pneumatic load unit. Both the spindle motor and the
spindle bearings, as major heat sources, can thus be subjected
to realistic loads.

Central measured variables are temperatures and
displacements from externally applied sensors as well as
control data from internal sensors. The data from the different
sources is stored centrally on a circular buffer. In particular, the
control data, which is a central input variable for the control
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presented below, can thus be accessed flexibly. Temperatures
and displacements serve as the central validation of the
presented control strategy.

3.4. Thermal Simulation and ANN Modeling

The basis for the description of the thermal system behavior
of the motor spindle is a simulation based on finite element
method (FEM). The model combines a thermal and mechanical
domain (Fig. 6). While the thermal model calculates a transient
temperature field based on detailed part models for thermal
boundary conditions b [12], the mechanical model provides the
resulting spindle displacement considering a nonlinear
behavior of spindle bearings. Therefore, bearing stiffness is
updated in every iteration based on an analytical description of
each roller contact [13,14]. Both simulation domains are
coupled and updated continuously based on the calculation
results of the respective other domain.

Operating conditions

Updated
[riction

Updated
temperature

&

Transient displacement & temperature

Fig. 6. Coupling of a thermal and mechanical simulation domain.

The validated [12] coupled thermo-mechanical simulation is
subsequently used to provide large data sets for a wide range of
combined operating conditions. These data in turn form the
training basis for an ANN. As architecture, a NARXNET
structure is chosen to reproduce the thermal recurring behavior
(Fig. 7). The model consist of two hidden layers with sat/in and
tansig transfer functions. For model training, Bayesian
regularization in combination with stepwise varied boundary
conditions was found to be suitable. Ultimately, the ANN
achieves an accuracy of 0.16 °C on test data and calculation
times that allow a process parallel operation.

Hidden Layer 1 Hidden Layer 2 Output Layer

Fig. 7. Architecture of the ANN.

During operation, machine internal data such as rotational
speed and motor current is used as input while temperature
information are defined as output quantities. The ANN is
embedded in the MPC as system model, as Fig. 7 shows.

3.5. Model Predictive Control and Results

By realizing an MPC based cooling strategy of the motor
spindle, the system is adaptively reacting to changed boundary
conditions. To validate the effectiveness of the introduced
strategy it is compared with a conventional cooling strategy
(Fig. 8). During a test run, the rotational speed of the spindle
was increased stepwise starting in cold state of the spindle and
reaching a maximum of 6000 rpm. During operation, the
system model is used to calculate an optimal inlet temperature
for the jacket cooling. This target temperature is transferred
into a real temperature by the cooling unit. In the current state,
real temperature reaches the level of the target temperature with
superimposed fluctuations that do not express themselves
critically due to the thermal inertia of the system.

38
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Fig. 8. Exemplary MCP results showing the motor and first fixed bearing
temperature for test runs under conventional and MPC cooling strategy.

Within the scope of the analysis, two thermal variables
important for the operation of spindles were considered: motor
temperature, temperature of the first front bearing. In case of
the conventional approach, the stepwise increase of spindle
speed is correspondingly noticeable in the temperature curves.
By applying new inlet temperatures on the jacket cooling, this
effect can be countered. For both the motor temperature and the
bearing temperature, there are three main aspects that can be
achieved with the help of the MPC.

1) Faster warm-up: In the first 500 seconds, the flow of
warm water ensures significantly faster reaching of a
desired thermal condition. In the case of spindle
bearings in particular, this can result in a more efficient
operating condition with less wear.

2) Thermally more stable operation: Due to the control of
inlet temperature, fluctuations or changes in boundary
conditions can be compensated. This results in a clearly
visible homogenization of the temperatures, i.e.
significantly more constant curves.

3) Bridging of downtimes: In the last 750 seconds of the
test run, the spindle speed is set to zero simulating a
machine or spindle downtime. By supplying the spindle
with warm water, the thermal state can be conserved. A
new warm-up is therefore not necessary after a break
and work can continue at an efficient operating point.
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4. Conclusion

The integration of bio-based insulation materials resulted in
a machine that cooled down less and heated up more slowly.
This can increase machining precision and at the same time
reduce energy consumption, as less intensive cooling and
heating processes are required. In addition, further tests can
show how high the savings potential can be in the air
conditioning of machine halls.

In the presented work, a novel control strategy for the active
cooling system of a motor spindle was also presented. With the
help of this approach, it is possible to optimize the thermal
behavior of the spindle, which ultimately forms the basis for
sustainable operation. In future work, the first step will be a
transfer to whole machine structures. In addition to the time
control of inlet temperatures, a locally demand-oriented
cooling or heating effect is to be achieved. In a second step,
power consumption is to become a second controlled variable
beside the temperature profile in order to be able to set an
optimum operating point that also meets ecological criteria.

The aspects of biologisation of technical systems dealt with
in the paper can increase productivity and quality and reduce
energy consumption through targeted use. This relies on the
combination of different measures and concepts, which
complement each other in the interplay. Within the joint
project, the use of micro structured tools, bio-based cooling
lubricants and organic sheets was evaluated in further work
[15,16]. The concrete example of this work shows that the
biological transformation can be implemented in production
technology through incremental changes in critical machine
areas and a holistic approach.
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