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1. Introduction

The transformation into a sustainable form of economy is 
currently the global challenge of the producing nations. 
Biological transformation describes the use of biological 
principles from living nature, with the help of which previously 
linear and output-optimised processes can be viewed as holistic 
and interconnected systems. In this way, resource efficiency, 
circularity, and the ability to react quickly to changing 
environmental conditions are transferred to technical systems, 
with the aim of maximising not just a few main purposes, but 
an adaptation to a multitude of ecologic and economic boundary 
conditions [1–4].

Biological transformation can be divided into three steps, 
where (i) describes the inspiration of technical by biological 

systems, (ii) the integration of these and (iii) the interaction. (i) 
includes bionic structures for e.g., lightweight construction, or 
functional surfaces (e.g., Lotus Effect), while (iii) describes 
biointelligent systems consisting of technical, biological and 
information technology components with properties of living 
beings, e.g., similar to cellular organisation or homeostasis [3].
The measures described in this paper can be classified as (ii) 
integration, i.e., identifying areas on a machine tool where heat 
fluctuations and noise emissions are particularly prominent 
during operation. Instead of synthetic materials, biological 
materials and those produced on the basis of renewable raw 
materials are used [5].

In this paper, a method using a biological material instead of 
ecologically harmful polystyrene is introduced to potentially 
reduce the thermal and acoustic issues in machine tools.
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Abstract

In the context of a circular economy, the adoption of biological principles and materials play a decisive role in the transformation 
to a more sustainable production technology. Ecologically harmful materials such as polystyrene (so-called Styrofoam), for 
example, has properties for thermal and acoustic isolation. This material has therefore been used in production machinery to control 
thermal issues and improve product quality. Here, the use of renewable and biodegradable materials can ensure these measures
have a minimal environmental footprint while maintaining the intended functionality. 
This paper serves to open-up opportunities and define requirements for the integration of bio-based isolation materials in production 
machines. For both thermal and acoustic issues, the place of implementation and the choice of insulation material, as well as its 
shape and composition, determine the ability to isolate over the required temperature range. In addition, coatings and surface
functionalization offer possibilities for using bio-based materials even under demanding process conditions. Concluding, the 
experimental approach on the effectiveness of bio-based insulation materials within a machine tool is presented. The technologies 
presented in this work have been developed by the participating Fraunhofer institutes.
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1.1. Thermal Effects in Tooling machines

The assessment of the thermo-elastic behaviour of machine 
tools has been a major topic in precision engineering and 
metrology for several decades. However, the increased 
demands for productivity and precision of the metal-cutting 
industry in the past 20 years have led to more dedicated and 
extensive research in the topic. According to Mayr et al., this 
extensive research has allowed the scientific society to estimate 
that up to 75% of geometrical workpiece errors can be traced to 
thermal issues in machine tools [6]. 

The alternatives most used in today’s industrial practice 
include design measures, warm-up procedures, thermal 
conditioning of machine tool components with cooling circuits 
and air conditioning of the production environment. The design 
of thermally stable machine tool structures can reduce the 
overall effect of temperature gradients, but it cannot eliminate
all thermal errors. Since motors and guideways create heat to
set the axes to motion, there will always be temperature 
gradients, irrespective of the machine tool design. Strategies 
such as extensive warm-up procedures and thermal 
conditioning consume a lot of time and energy and thus increase 
the production costs or lower the productivity of the machine. 
Thermally induced deformations persist, since the machine tool 
is subjected to process heat and additional friction heat from
axis motion after the warm-up. Thermal conditioning is limited 
by the amount of cooling fluid that can flow through and by the 
necessary installation space. This measure has only been 
meaningful for the spindle motor and for direct drives such as 
torque motors. The air conditioning of the production 
environment, though necessary to fulfil the environmental 
temperature constrictions in the international norms, requires 
investments and leads to high variable costs [7]. 

Since these measures cannot eliminate the thermal error, 
many researchers focus on control-integrated correction 
measures. This type of error correction introduces offsets to the 
machine tool axes’ current position via the control unit. A 
model that uses sensor data as input calculates these correction 
values. Generally, various data-based approaches are pursued, 
predominantly with temperature sensor readings and internal 
control data such as motor current and axle speed. Novel 
methods have been developed based on deformation data, either 
with industrial cameras or with Integral Deformation Sensors 
(IDS) [8]. Although these measures have a higher potential to 
eliminate thermal errors, they are bound with measurement and 
modelling uncertainty. Temperature sensors determine the 
achievable prediction accuracy depending on intrinsic errors in 
the measuring principle and necessary electronics [9]. Another 
approach is to directly measure the tool centre point (TCP) 
displacement. The determined value is only valid for the time 
of measurement, hence effects arising during the process 
remain uncorrected. The necessary cyclic recalibration of the 
machine tools between parts or in between the process leads to 
a reduction of its productivity.

Correction methods based on sensor data therefore have an 
advantage when it comes to higher accuracy without 
compromising the productivity, cost and energy efficiency of 

machine tools. These variables feed a mathematical model that 
estimates the actual TCP displacement. Many models are data-
driven, since the relationship between sensor data and thermal 
errors is derived from experiments. For this purpose, the 
machine must be taken out of production to train the models 
through experiments. This is rarely practical for industry due to
the high cost of machine operation and the fact that these 
models are only reliable for loading conditions similar to those 
in the experiments. Other approaches can be classified as 
physics-based modelling techniques, where a-priori knowledge 
about the machine tool thermo-elastic behaviour is simulated. 
Examples are the Finite Element Method (FEM) and the 
Lumped Capacitance Method (LCM). However, the necessary 
numerical effort to model both the temporal and position-
dependent behaviour of a machine tool can still not allow a 
process-parallel application of these modelling techniques. 
Furthermore, some material parameters are subject to high 
uncertainty, further reducing reliability. A prominent example 
is the determination of the convection coefficient between 
machine tool and the environment, which depends on the speed 
of the machine tool component and its surrounding air, as well 
as temperature, humidity, and air pressure distribution.

The greatest challenge at the current state of research is 
therefore to develop a reliable concept under all conditions, yet 
remains economically feasible. Especially in small-batch 
production, one main trend in manufacturing, the thermal 
loading conditions on the machine tool change with each new 
workpiece, which increases the challenge.

One simple solution against the environmental influence on 
the machine tool accuracy is the use of isolation materials, such 
as polystyrene. This solution has been reported once in 
literature and is applicable for stationary parts of a machine tool 
that contain no heat sources [10]. Otherwise, if the heat sources 
are isolated from the environment, they would heat up the 
machine tool structure additionally, since there would be no 
heat sink to let the generated heat to flow to. This solution has 
been developed for a large portal machining centre that has a 
different wall thickness in the front and in the back of its 
columns, which led to bending following ambient temperature 
fluctuations. The isolation material was able to equate the 
temporal response of the front and the back side of the column 
and reduced this bending effect. The thermal error cannot be 
eliminated with isolation, but rather delayed and damped by 
prolongating the time constant of the thermo-elastic response of 
the machine tool to ambient fluctuations.

Furthermore, isolation materials can have effects on the 
acoustics of the machine tool, which can increase the safety 
conditions for the machine tool operator [11]. Considerable 
noise emissions arise first and foremost on the contact between 
tool and workpiece. Other significant sources are the main 
spindle motor due to its high rotational speed, the gears of the 
axis drives and auxiliary equipment like pneumatic and 
hydraulic systems [12]. Many design considerations can reduce 
noise emissions but must be balanced with high-priority criteria 
such as dynamic and thermal performance or material and 
manufacturing costs. As a result, the use of isolation materials 
has the potential to allow a cost-efficient solution against two 
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problems: the susceptibility of the machine tool accuracy 
against environmental fluctuations and the hazardous noise 
emissions that are inherent to the operator. Two alternatives can 
solve these issues effectively: either deploy insulation material 
on or inside the machine tool casing or directly on the machine 
tool components. However, the application of insulation 
material requires that neither the flow of process heat to the 
environment, nor the motion of the axes are hindered. 

With the development of bio-based and sustainable materials 
in recent years, certain novel products are being considered for 
use for insulation. The parameters of shaped mycelial meshes 
relevant for thermal and acoustic insulation initially appear 
comparable to those of polystyrene and will be presented in this 
article. Furthermore, the raw materials to produce mycelium are 
provided from waste materials from other value chains (e.g., 
agriculture and forestry) and the product is both recyclable and 
biodegradable after its lifetime. Biobased insulation materials 
and especially mycelium are therefore promising materials for 
the biological transformation of production technology and can 
contribute to sustainable product and process cycles in the 
context of the circular economy.

1.2. Relevant Parameters for Insulation Materials (thermal, 
acoustic, mechanical, physicochemical, economic)

For bio-based materials to be suitable for insulation in 
production machinery, their material properties must be 
compatible with those of the machine and the production 
process. In the case of a metal-cutting machine tool, this 
primarily concerns resistance to glowing metal chips flying 
around in the process, as well as lubricants used for cooling, 
usually oil-in-water emulsions. In addition, the basic material 
properties regarding thermal and acoustic properties must at 
least correspond to those of synthetic equivalents (e.g.,
Styrofoam). Thus, the thermal expansion coefficient of the 
insulating material within the expected temperature range 
(0-70 °C) must correspond to that of the metal of the machine. 
The thermal expansion coefficient should be as low as possible 
for maximum insulating effect and maintain its quality over the 
machines entire life cycle or be easily replaceable. As 
importantly, the material’s weight and overall raw material, 
manufacturing and disposal costs are decisive.

For operator-oriented acoustic isolation during machine 
operation, the machining process itself is a key factor. The 
process is defined by the material as well as the initial and target 
shape of the workpiece. Acoustic emissions in the audible range 
(20 Hz to 20 kHz) are continuously emitted in the rolling 
bearing, to which component vibrations, certain milling 
processes, and emissions caused by wear come in addition. 

2. Biobased Materials – Mycelium Fabrication

Mycelium refers to the vegetative body of a fungus. The 
visible part of a mushroom above ground is called the fruiting 
body or mushroom cap. However, the underground part of a 
fungus is usually more extensive than the fruiting body and 
more persistent [13]. The mycelium of the fungus is a mass of 

nutrient-absorbing filaments called hyphae. The nutrient 
absorption takes place via the tips of these hyphae, as they 
travel through the soil over large areas in search of nutrients
[14]. Mycelium materials consist of the mycelium of a fungus 
and a natural substrate, whereby the hyphae migrate through 
this substrate in search of nutrients, whereby the mycelium acts 
as a matrix that connects the substrate to a material. Different 
materials can be used as substrate, such as hemp hurds or wood 
chips, which are combined with different fungal spores, such as 
Coriolus Versicolor or Pleurotus Ostreatus. The achievable 
material properties of the mycelial material depend on the 
respective combination of substrate and fungal spores used
[15]. The production of mycelium-based components can be
divided into six steps depending on the literature. A simple 
scheme for the manufacturing process is shown in Fig. 1.

Figure 1: Schematic overview of the production process of the mycelial 
material.

The first step in the manufacturing process of mycelium-
based components involves the production and sterilisation of 
the substrate [16]. This can involve soaking the substrate in 
water to ensure sufficient moisture. In this first step, 
sterilisation serves to prevent contamination of the substrate 
with other organisms. The preparation and sterilisation of the 
substrate is followed by the addition of the fungus, whereby 
semi-sterile conditions should prevail. Once the substrate has 
been infused with the fungal spores, it can be filled into a mould 
to bring it into the desired component shape. The filling can 
take place in layers, whereby the individual layers are each 
slightly compressed in order to obtain a compact and dense 
sample [16]. The fourth step in the manufacturing process of 
mycelium-based components consists of the growth phase of 
the mycelium in the substrate. The moulds filled with the 
substrate are stored under controlled environmental conditions 
for the growth of the mycelium, whereby the growth can extend 
over several days to months, depending on the fungal spore 
used. Growth depends on ambient temperature and is said to be 
25 to 27 °C according to Jones et al., 28 °C according to 
Elsacker et al. and below 40 °C according to Lelivelt et al. [15–
17].

After a sufficient growth phase, the growth of the mycelium 
in the substrate is stopped. This can be done via heat treatment, 
which will kill the fungus completely. The fastest drying 
processes are hot pressing and oven or autoclave drying, 
although hot pressing can change mechanical properties.
Finally, it is possible to process the surface of the mycelium-
based component for the intended use. For example, the 
material can be well cut or sanded, and coatings can be applied.
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Figure 2: Raw mycelium material (a) and finished mycelium with different 
coatings – lacquer, HPL laminated, epoxy (b).

The areas of application for mycelium-based materials are 
rapidly growing. The most frequently mentioned area of 
application in literature is the construction industry, where 
mycelium is used in the field of insulation [18]. In addition, 
mycelium materials are used in the packaging industry and also 
in furnishings [19]. 

2.1. Mechanical Properties

Initially, moulds with the dimensions 25x25 cm were used, 
later upscaling with moulds of 30x40 and 40x60 cm was 
performed. To prevent the material from sticking, a flexoplane 
mesh was used. The lid of the PE blocks was provided with 
ventilation holes. An exchange with the ambient air could be 
effected, which led to mould-free plates. It was also possible to 
cultivate plate sizes up to 40x60 cm in these PE boxes. In this 
case, the surface structure is clearly finer, and the mycelium 
seems to have grown better and denser as shown in Figure 3.

The mechanical properties of the mycelial material were 
determined. Density and transverse tensile (DIN EN 319) and 
bending strength (DIN EN 310) were measured particularly. 
The achieved density of the mycelial materials is in the range 
of 180-200 kg/m3, which is in accordance with the literature
[16]. The transverse tensile strength of the material is 
0.15 N/mm2, the bending strength is about 1 N/mm2. 
Furthermore, the water absorption was determined over a 
period of 24 hours (DIN EN 317). Depending on the production 
variants, the water absorption is between 130-250 %. All 
mechanical values are shown in the following table. 
Table 1: Measured mechanical properties of mycelia.

Material property Measured values
Density (kg/m3) 180-200
Tensile strength (N/mm2) 0.1-0.17
Flexural strength (N/mm2) 0.8-1.2
Moisture uptake (wt%) 130-250

2.2. Thermal Properties

The thermal conductivity of the material was determined 
with a guarded two-plate device. Mycelium plates of 30x30 cm 
were used for this purpose. The thermal conductivity was 
measured at 0.04-0.05 W/mK, which is comparable to the 
literature [16, 17]. The thermal conductivity of polystyrene is 
dependent on its density and in the range of 0.03-0.05 W/mK
[20]. 

2.3. Economic Considerations

The basic advantage of mycelium is that residual streams can 
also be used here as a matter of priority. The usage of these 
cheap, low-grade materials as substrates, while keeping costs 
low and environmental sustainability high, has the unfortunate 
side effect of limiting fungal growth (up to 14 days) and hence 
compromises the material properties of the composite. This 
compromise is acceptable regarding the low material cost 
(0.07-0.17 $US/kg) compared to polystyrene (2.1-2.3 $US/kg) 
or other wood products (plywood 0.5-1.1, softwood 0.7-1.4 or 
hardwood 3-11 $US/kg) [16]. Nevertheless, an upscaled
industrial process must be considered also in terms of costs to 
provide a sufficient growth environment and expected 
cultivation durations of several weeks.

2.4. Surface Properties

Mycelium plates produced at Fraunhofer WKI feature 
different topographies depending on the production process. 
Due to outgrowth within covered rectangular fits, each plate 
provides a smooth surface on one side and a rough one on the 
other. The topography of both sides was measured using the 
Keyence VHX-2000 digital microscope.

Figure 4: Topography of mycel plates on both sides of one plate (a) “smooth” 
side, b) “rough” side. 

The height differential of the smooth side was measured at 
130 µm and the rough side at 850 µm. Upon contact with water,
the mycelium material darkens and stains due to water spotting. 
For protection against moisture and to investigate the influence 
of a hydrophobic film on the different mycelium structures, the 
plates were coated with a very thin hydrophobic Diamond Like 
Carbon coating, modified with Silicon and Oxygen [21]. 

The plates were coated with a vacuum based chemical vapor 
coating process (PACVD). The advantage of this vacuum 
coating process is the ability for very thin deposition on a 
variety of different materials. In this way, the plates were coated 
with a micron-scale thick film so that the structure of the 
mycelium topographies was not changed. To determine the 
hydrophobic effect of the PACVD on the plates, the water 
contact angle of both sides of the mycelia was measured.

Figure 3: Procession process for mycelium in growing boxes (a) fine surface 
structure of mycelium (b).

a b
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The contact angle differs between 140° and 144° between all 
samples, indicating no influence of the surface coating on the 
wettability (Fig. 5). As a result, hydrophobicity was already 
ensured by the coarser surface topography of the mycelial 
plates. In addition, it was observed during the experiment that 
there was less absorption of water after coating (indicated by 
the lack of dark spots after wetting). This is an indication that 
PACVD coating did not improve the general hydrophobicity 
but decreased the water uptake.

3. Implementation and Outlook

3.1. Implementation in tooling machine

In coordination with DMG MORI, Fraunhofer WKI and 
IST, the following areas for mycelium-based insulation 
materials on a machine tool (here: DMG MORI DMU 40 eVo 
linear) were identified. 

With regards to thermal insulation, the following areas are 
modified. First, the machine bed in the bottom area of the 
machine tool (see (1) in Figure 5), where external influences 
impact the machine’s overall structure, is equipped with a 
protecting mycelium barrier. Here, convection of the 
surrounding air caused by external heat sources (especially in 
production halls, containing a multitude of machines), or heat 
sinks (e.g., ventilation systems or hall doors, through which 
cold air is blowing) is to be prevented from passing to the 
machine structure. Second, an insulating layer between the 
electrical control cabinet (backside of machine tool) and 
working area (see (2) in Figure 5) will be implemented to 
minimize thermal transfer from internal heat sources to the 
machine’s structure. Here, it has been shown that the control 
cabinet has generally higher temperature than the machine bed 
during the machine application.

For acoustic insulation, the outer sheets of the machine 
enclosure will be modified with mycelium insulation (see (3) 
in Fig. 5). By this, noise emission in the direction of the 
machine operator shall be attenuated, while ensuring sufficient 
evacuation of heat generated through tool processing.

1)

2)

3)

Figure 6: Areas at the machine tool for both acoustic and thermal insulation.
The respective location is highlighted in bright green. Technical illustrations 
© DMG MORI

To obtain conclusions about the effect of the insulating 
materials on the machine tool, it is first placed in a series of 
operating modes without insulation, and then after insulation 
has been fitted, which represent the entire range of anticipated 
thermal and acoustic loads in the machine.

3.2. Preliminary Results

As part of the BioManuIII 
project, DMG MORI's DMU 
40 eVo linear machine tool 
was equipped with 
temperature sensors that 
allow time-dependent 
observation of the heat 
distribution spreading across 
the machine structure. The 
mycelium is first applied to 
the machine bed ((1) in Fig. 
6), and the effect of external 
heat sources and sinks is
simulated with the hall door 
open to use the high 

temperature gradients between the shopfloor and the outdoor. 
Sensors were installed (i) in the lower area on the outer 
machine bed and (ii) on the upper machine structure (Fig. 7). 
The temperatures in the direct ambient air around the machine 
and inside the machine at the machine bed (i, ii) were measured

Figure 5: Water contact angle of coated and uncoated mycelium plates
from both sides (smooth and rough)

Figure 7: Measuring on lower (i) and 
upper (ii) machine bed positions.
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before and after the attachment of the mycelium plates under 
conditions that were as constant as possible. 

By using mycelium, a significant reduction of the thermal 
fluctuation could be achieved at measuring point (i) as well as 
at (ii) (Fig. 8). At measuring point (ii) in particular, it is 
remarkable that with mycelium plates attached, the thermal 
fluctuations are noticeably lower relative to the ambient 
temperature fluctuations. Without mycelium plates, the 
temperature curve at the measuring points follows the ambient 
temperature curve much more clearly.

(i) Lower machine bed 

(ii) Upper machine bed

Figure 8: Temperature curve after opening the shopfloor door at the 
measuring points of the lower (i) and upper (ii) machine bed (TBett, red line) 
and for the ambient temperature (TUmgebung, green line), in each case with and 
without mycelium application.

3.3. Outlook

To further observe the thermal effects of the insulating 
materials, the machine is set to different operating modes, e.g., 
when the machine cools down or the cold air blows into the 
shopfloor as well as when the machine is in the milling process 
for workpieces, which represent a broad spectrum of the 
process conditions occurring during regular machine operation.
In test series, movements are then performed along the x, y and 
z linear axes at different speeds (5 to 20 m/min) and spindle 
speeds up to 6000 rpm. Within the identical test environment, 
the noise emission from the machine operator's point of view is 
also determined using acoustic sensors. All tests are repeated 
on the same machine after application of the mycelium. 

Investigations into the thermal and acoustic effects inside the 
machine tool will be completed in the coming months.
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