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Abstract 
 
Additive manufacturing (AM) processes have become increasingly important in recent years. Their application enables the manufac-
turing of individual, functional components using minimal material. In particular, AM processes are used for the manufacturing of 
lightweight structures in the aerospace industry. Apart from rare exceptions, the use of additively manufactured components in 
machine tools is not widespread. However, their functional lightweight design offers high potential for increasing productivity of 
machine tools. This potential is particularly high when components are frequently accelerated due to the possibility of reducing 
moments of inertia. This paper presents a concept of a topologically optimized, rotating, and mechanically high stressed lathe clamp-
ing system using the SLM (Selective Laser Melting) method. The topology optimization is performed numerically with the simulation 
software ANSYS. The additive materials applied are a stainless martensitic chrome-nickel steel (AISI 630) and an aluminum-silicon 
alloy (EN AC-43000). First, strength-relevant material characteristics are determined experimentally. The effects of different harden-
ing processes on the material characteristics are predicted. These material properties are required for the parameterization of the 
clamping system simulation model. The modelling approach is described in the following. The simulation results of the non-optimized 
clamping system serve as a reference for evaluating the properties of the optimized system. The simulation model is then used to 
perform a mass-based topology optimization of four components of the clamping system with high moments of inertia. The compo-
nents are evaluated simulatively with regard to their yield strength. As a result of the topology optimization, it is found that the 
moments of inertia of the components are reduced by up to 72%. Due to the functional, lightweight design of the clamping system, 
significant reductions in machining and non-productive time of up to 19% are possible. 
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1. Introduction and initial situation 

Topology optimization is a well-proven method of reducing 
weight, especially in the aerospace industry [1]. In many appli-
cations, parts are manufactured additively due to the often com-
plex geometry. This method has also become increasingly wide-
spread in the field of machine tools in recent years. Especially, 
headstocks are topology-optimized [2–4]. Mechanically and 
tribologically highly stressed components, on the other hand, 
are often still manufactured conventionally. However, topology-
optimized and additively manufactured components offer ad-
vantages, especially when masses have to be accelerated. Exam-
ples are speed changes of the linear axes or spindles. On lathes, 
the often long and mechanically complex rotary system, in par-
ticular experiences speed changes. During a speed change, the 
workpiece is usually not machined. The resulting non-productive 
times do not contribute to any added value and rise with increas-
ing moment of inertia of the rotary system. In addition, a lower 
moment of inertia can also reduce machining time. This is for 
example the case for taper turning or cut-off operations with 
constant cutting speed, since the workpiece speed has to be 
changed continuously resulting from varying machining radii. In 
this paper, the potential for reducing the non-productive time 
and machining time by optimizing the topology of a lathe clamp-
ing system is analyzed (Fig. 1). The optimized components are 
using SLM (Selective Laser Melting). 

 

 
 
Figure 1. Clamping system with the components to be optimized 

 
 The clamping system (Hydronic-hiestand 30017-4-PNZ-Feder) 

is part of the rotary system and accounts for a significant pro-
portion of the overall moment of inertia. The system is used to 
clamp workpieces and is coupled to the main rotary system, re-
spectively to the collet chuck (not shown in the picture) via 
screws. The clamping system is actuated pneumatically. If no 
pressure is applied, the collet closes with a maximum force of 
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several kilonewton. When opening, the twelve springs are com-
pressed. Clamping and unclamping can be done during rotation 
up to a speed of n = 5,000 min-1. An axial bearing is provided for 
this purpose. The operating speed is n = 12,000 min-1. 

Four components of the clamping system were identified as 
having a high potential for saving moments of inertia, respec-
tively. This concerns the spring housing (EN AW-7075), the 
spring disc (AISI 5115) and the cover (AISI 1055), which move 
within the housing, as well as the spring cover (AISI 1055). During 
machining, these components are subjected in particular to the 
spring force and the centrifugal force. Additionally, a torque acts 
on the clamping system during acceleration and deceleration. 
The illustrated clamping system has a total mass of m = 12,500 g 
and a rotating mass of mrot = 3,100 g. The axis-related moment 
of inertia of all rotary components is Jzz = 2,100 kg·mm². 

2. Determination of relevant material properties 

Important for the design of the components is the qualifica-
tion of a material that is suitable for both the application and the 
AM process itself. Due to its excellent mechanical and chemical 
properties, a stainless martensitic chromium-nickel steel (AISI 
630) is chosen for AM of the components. The additive pro-
cessing of this material has also been proven in certain studies 
(e.g. [5,6]). However, the standard spring housing is made of alu-
minum (EN AW-7075). Due to the suitability of the aluminum-
silicon alloy EN AC-43000 for AM, this alloy is used.  

At the beginning of the qualification process, suitable param-
eters of the AM process were determined based on common pa-
rameters of known steel materials. For this purpose, the process 
speed, laser power and layer thickness were varied within a full 
factorial design of experiments. Afterwards, the densities of the 
specimen were analyzed. The combination of parameters that 
allow both high density and build-up rate was selected for the 
manufacturing of further specimens. It could be shown that at a 
laser power of 200 W and a scanning speed of 1,300 mm/s a 
density of > 99.9% can be achieved. The density was determined 
to a value of 7.836 ± 0.008 g/cm³ based on the evaluation of six 
specimen using Archimedes' principle. In the next step, the sur-
faces of the components were optimized by adjusting the con-
tour process parameters. By reducing the laser power to 100 W 
and the scan speed to 400 mm/s, the roughness of the lateral 
surfaces could be reduced to a value below Sa = 6 µm. An S-filter 
of 2 µm and an L-filter of 0.5 µm were used to determine the 
roughness. The boundary zones before (a) and after (b) this op-
timization is illustrated in Fig. 2. 
 

 
 
Figure 2. Cross-sections of the specimens without (a) and with (b) opti-
mized contour process parameters 

 
Based on the determined process parameters, samples were 

additively manufactured for material testing. Knowledge of rel-
evant material properties is necessary in order to simulate and 
optimize the topology realistically. Parameters of particular rel-
evance for the optimization are the Young's modulus E and the 
yield strength Rp0.2. In order to increase the material strength, 
heat treatment is necessary after AM. To identify a suitable heat 
treatment process, different heat treatment processes (P1070, 
P1070 + nitriding, nitriding) were considered. In Fig. 3, the eval-
uation of the Young's moduli (a) and the yield strengths (b) of 

the untreated and the heat-treated specimens is shown. As a 
reference, extruded specimens made of AISI 630 were also ana-
lyzed. The tensile tests were carried out with specimens accord-
ing to DIN 50125 (form B) with a diameter of 6.0 mm. Each test 
was repeated twice. Based on the results, it is evident that the 
Young's modulus is not significantly affected by the hardening 
processes. An average Young's modulus of 194 GPa is obtained 
after P1070 treatment. The obtained values are comparable to 
those of the extruded material. Only the additively manufac-
tured and nitrided specimens reveal a decreased Young's modu-
lus by 22.5 GPa (-11%). This is due to the fact that nitriding does 
not significantly affect the microstructural properties (Fig. 4). 
The extruded reference material exhibits a martensitic texture 
with carbide deposits at the grain boundaries (a). In the un-
treated AM material, a martensitic texture with pores (black 
spots) is visible (b). This is comparable to the texture of the ni-
trided specimen (d). Hence, the lower strengths can be ex-
plained. In the P1070-hardened material (c), a quenched and 
tempered texture with a martensite is evident.  

 

  
 
Figure 3. Young's moduli (a) and yield strengths (b) of AISI 630 specimens 
after different heat treatments 
 

The influence of the initial microstructure condition is even 
more evident when evaluating the yield strengths. The un-
treated and nitrided specimens have clearly lower yield 
strengths than the P1070-treated specimens. With an average 
of 451 MPa, the additively manufactured and untreated speci-
mens exhibit a yield strength lower by a factor of 2.3 than the 
P1070-treated specimens (1,031 MPa). Nevertheless, a signifi-
cant increase in yield strength is obtained by means of P1070 
compared to the untreated condition, which is considered to be 
sufficient for the intended use case. Considering the determined 
material parameter values, the simulation is parameterized, 
which is described in the following. 

 

 
 
Figure 4. Microstructure of extruded (a), additively manufactured un-
hardened (b), P1070-hardened (c) and nitrided (d) AISI 630 

3. Simulation of the clamping system 

The topology optimization is based on an FE-simulation model 
of the clamping system, which was developed using the finite 
element software ANSYS. The assumed boundary conditions are 
shown in Fig. 5. Screw connections are assumed to be solid. Rel-
ative movements between these bodies are thus suppressed. A 
"cylindrical support" is applied as a contact condition between 



the spring housing and the spring disc. As a result, the disc slides 
within the housing, similar to the real situation. All other solid 
body contacts are defined as "frictionless". This allows the sur-
faces of the contacts to slide against each other and also to lift 
off. In order to reduce the computation time, the springs are not 
implemented as solid bodies, but are modeled. Since this ne-
glects the masses and thus the centrifugal effect of the spring 
bodies, the spring masses are modeled as mass points. The 
meshing of the components was optimized by a mesh study. The 
respective component to be optimized must be meshed partic-
ularly finely to increase the quality of the optimization result. To 
reduce the required computing effort, each of the four compo-
nents was therefore optimized individually. Accordingly, four 
simulation models were developed, which differ only in the 
mesh size of the respective component to be optimized. 

The centrifugal force effect due to rotation can be considered 
comparatively easily using a command in ANSYS. Since only a 
section of the overall rotational system of the machine is simu-
lated, the implementation of suitable mechanical boundary con-
ditions is challenging. This concerns in particular the mechanical 
coupling of the spring housing to the surrounding structure. If 
too many degrees of freedom are suppressed, unrealistic 
stresses are imposed on the components. To account for this ef-
fect, only the axial movement of the coupling flange (Fig. 5, gray 
body on the right) was therefore suppressed. Thus, the system 
can radially "expand" as a result of the centrifugal force. The 
torque loads are applied to the left and right sides, so that a tor-
sional load is induced within the force chain of the clamping sys-
tem. The torques are applied to the cylindrical surfaces of the 
through holes and to the flange surface of the coupling. The tor-
ques correspond to the maximum expected motor torque during 
acceleration. The maximum expected tensile force is applied to 
the plane surfaces of the bolt head bores. 

For the subsequent optimization, it is assumed that the loads 
of the centrifugal force, the spring force and the torque occur 
simultaneously and superimpose. This corresponds to the oper-
ating point directly after acceleration to n = 5,000 min-1 with sim-
ultaneous clamping actuation. Since the clamping system is not 
actuated at n > 5,000 min-1, no spring forces occur at higher 
speeds. In a simulation study prior to the optimization, it was 
shown that the component loads due to the omission of the 
spring force are lower also at significantly higher speeds than at 
the described operating point at n = 5,000 min-1. The assumed 
load spectrum thus represents the case of maximum load. 

 

 
 
Figure 5. Simulation model and applied boundary conditions 

4. Topology optimization and additive manufacturing 

The decrease in inertia is realized applying a numerical topol-
ogy optimization available in ANSYS. The equivalent stresses of 

the components that occur during operation are particularly rel-
evant in practice. The maximum permissible equivalent stresses 
required as optimization boundary conditions were determined 
on the basis of the experimentally determined Rp0.2 yield 
strengths. The tolerable stress values for maintaining the fatigue 
strengths were determined in consultation with industrial part-
ners and amount to σ = 450 MPa for AISI 630 and σ = 115 MPa 
for EN AC-43000. The optimization algorithm removes elements 
of the meshed components, so that a minimization of the mass 
is achieved without exceeding the material-specific stress limits. 

In previous simulation studies, it was shown that topology op-
timization of the components on the basis of the previously de-
scribed simulation model in some cases results in filigree struc-
tures that are difficult or impossible to machine. As a further 
boundary condition, a minimum wall thickness of 2 mm was 
therefore specified on the functional surfaces. This procedure 
also ensures the functional integrity of areas subject to low me-
chanical loads, such as the surfaces of the balancing and locking 
holes (Fig. 1). Moreover, a maximum overhang angle of 30° was 
specified as an optimization boundary condition. In Fig. 6, the 
procedure for topology optimization is shown schematically for 
the spring housing. In the center of the figure, the unmodified 
areas during optimization are indicated in gray. The optimized 
area of the original component (Fig. 6, left) is shown in red. The 
balancing and locking holes, which are surrounded by material 
with a minimum wall thickness of 2 mm, are clearly visible. 

 

 
 
Figure 6. Schematic procedure during topology optimization 

 
After topology optimization (Fig. 6 center), the resulting mesh 

body is manually post-processed (Fig. 6 right). From a manufac-
turing point of view, this is not necessary, as the provided file 
format (.stl) can be used directly for AM. However, the rough 
surface resulting from the optimization is critical. Under contin-
uous load, stress peaks can occur near the surface, thereby re-
ducing the component’s lifetime. Even further refinement of the 
mesh or surface smoothing cannot sufficiently counteract this 
issue. Although there are special software solutions for smooth-
ing the topology of such optimized components, manual rework-
ing is still widespread in design practice for cost reasons. Such a 
manual adjustment of the geometry (Fig. 6 right) was carried out 
for all four components. The strengths of the optimized compo-
nents were then verified by simulation on the basis of the simu-
lation model described above. For this purpose, the maximum 
occurring equivalent stresses were once again determined. 

The manufacture of the adapted and sufficiently rigid geome-
tries was carried out with a 3D metal printing machine (Concept 
Laser M2). To account for dimensional and geometrical defor-
mations due to heat-induced distortions caused by the printing 
process and by the subsequent heat treatment process, a mate-
rial offset of 0.1 mm was applied in the areas of the functional 
surfaces. In Fig. 7, the additively manufactured housing is exem-
plarily shown immediately after (a) manufacturing (component 
already separated from the base plate) and after removal of the 
support structure and subsequent sandblasting (b). 

 



 
 

Figure 7. Optimized housing after additive manufacturing 

5. Potential of the optimized components 

The evaluation of the potential for saving machining and non-
productive times will be carried out in the future based on ex-
perimental time analyses. Since the components are currently 
undergoing obligatory post-machining, the component mo-
ments of inertia are used as evaluation variables. The moments 
of inertia are calculated considering the experimentally deter-
mined densities and the body volumes. In Fig. 8, the moments 
of inertia JZZ of the optimized components are compared with 
the moments of inertia of the standard components. The mo-
ments of inertia of the standard components are indicated in 
gray and those after numerical optimization (Fig. 6 center) are 
visualized in green. The moments of inertia after manual adap-
tation of the geometries (Fig. 6 right) are indicated in magenta. 
Savings of up to 72% are achieved (housing). The comparatively 
small relative decrease for the spring cover (-53%) results from 
the fact that there is only little material in the outer area that 
can be reduced by the optimization algorithm. If the moments 
of inertia of all four components are added together, the calcu-
lated moment of inertia decreases from 1,845 kg·mm² to 683 
kg·mm² (-63%). This corresponds to a decrease of the moment 
of inertia of the entire rotary clamping system of -55%. 

As a result of the manual adjustment of the geometry, a slight 
decreases in the moments of inertia of the cover and the hous-
ing occur (Fig. 8). In the case of the spring cover, the moment of 
inertia is even reduced by 15%. This effect is explained by the 
fact that the rough surfaces of the optimization geometries are 
smoothed manually after the topology optimization. If a signifi-
cant part of the existing topology peaks is removed in this pro-
cess, this is accompanied by decreasing mass and thus decreas-
ing moment of inertia. In the case of the spring cover, this effect 
is particularly evident as the adapted surfaces are located on a 
large outer radius. Changes of mass therefore have a particularly 
strong effect on the moment of inertia. 

The potential for reducing machining and non-productive time 
is demonstrated by considering a typical turning machining pro-
cess. For taper turning (maximum diameter D = 20 mm, mini-
mum diameter d = 1.6 mm) at constant cutting speed  
(vc = 60 m/min), the machining time can be reduced by 19.4% at 
constant motor power (P = 4 kW). Typical components for which 
this process is used are fittings or shafts, which are produced in 
large quantities. The comparison between conventional  
(Jzz = 6,000 kg·mm²) and lightweight rotary system (Jzz = 4,835 
kg·mm²) reveals that a time saving of Δt = 0.23 s is realized for 
the assumed process parameters. For the manufacture of 
100,000 parts, this results in a saving in processing time of Δt = 
6.3 h. If it is also assumed that one acceleration and one decel-
eration phase of the rotary system is planned for each compo-
nent, a time saving of Δt = 0.68 s per workpiece is achieved. For 
100,000 parts, this corresponds to a time saving of Δt = 18.9 h 
(-19.4%). The statements made in [4] according to which the 
lightweight potential of lathes is low and the acceleration of the 

rotary system is barely relevant must therefore be put into per-
spective. 

 

  
 
Figure 8. Achieved reductions of moment of inertia 

6. Conclusion and outlook 

In this article, the procedure for simulation-based topology op-
timization of highly stressed components of a lathe clamping 
system was presented. The SLM process was used to manufac-
ture the parts. Material parameters were determined experi-
mentally and implemented in an FE model of the clamping sys-
tem. As a result of the optimization, the moment of inertia of the 
rotating part of the clamping system was reduced by 55%. Cur-
rently, the functional surfaces of the optimized parts are being 
machined. Subsequently, the parts will be assembled and ana-
lyzed experimentally. Since it is known from the state of the art 
that additively manufactured components made of AISI 630 
tend to lower fatigue strengths [1], this will be investigated in 
detail in future work. The fatigue strength of the optimized com-
ponents will be tested under real load conditions on a test rig 
specially developed for this purpose. In addition, the clamping 
system is analyzed with regard to wear phenomena. Finally, the 
potential for saving main and auxiliary times is analyzed by man-
ufacturing exemplary workpieces. An example calculation of the 
time-saving potential was shown in this article. 
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