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Abstract
Additive manufacturing (AM), particularly laser-based powder bed fusion of metals (LPBF), enables the
fabrication of complex and customized metallic parts. However, 20–40% of the total manufacturing
costs are usually attributed to post-processing steps. To reduce the costs of extensive post-processing,
the process chain for AM parts has to be automated. Accordingly, robotic gripping and handling
processes, as well as an e�cient clamping for subtractive machining of AM parts, are key challenges.

This study introduces and validates integrated bolts acting as a handling and clamping interface of AM
parts. The bolts are integrated into the part design and manufactured in the same LPBF process. The
bolts can be easily removed after the machining process using a wrench. This feasibility study
investigates different bolt elements. The experiments and simulations conducted in the study show that a
force of 250 N resulted in a maximum displacement of 12.5 µm. The milling results of the LPBF parts
reveal a maximum roughness value, Ra, of 1.42 µm, which is comparable to that of a standard clamping
system. After the bolt removal, a maximum residual height of 0.067 mm remains. Two case studies are
conducted to analyze the form deviation, the effect of bolts on build time and material volume and to
demonstrate the application of the bolts.

Thus, the major contribution of this study is the design and the validation of standardized interfaces for
robotic handling and clamping of complex AM parts. The novelties are a simple and clean interface
removal, less material consumption, less support structure required and �nally an achievement of a �ve-
side tool accessibility by combining the interfaces with a three-jaw chuck.

1. Introduction
Additive manufacturing (AM), particularly laser-based powder bed fusion of metals (LPBF), has wide
industrial applications. Advantages of AM are the production of customized and highly complex designs
at reasonable cost [1].

However, the LPBF technology incurs certain limitations. Deradjat and Minshall [2] identi�ed the extensive
post-processing efforts as the major challenges. A typical post-processing of LPBF parts involves the
following four steps: removal of powder from the cavities and support structures, heat treatment for
stress relaxation, separation of parts from the base plate, and the manual and cost-intensive removal of
the support structure. Moreover, the near-net-shape (NNS) and functional surfaces are still rough and
imprecise, and thus require �nishing. All these aspects lead to challenging machining efforts to ensure
acceptable part quality for series production in end-user applications.

To reduce machining efforts, Flynn et al. [3] proposed a promising approach that sequentially combines
the AM process and subtractive manufacturing process. Using this method, Manogharan et al. [4] showed
that the LPBF machine utilization can be kept constant and Le et al. [5] indicated that the tool access can
be improved.
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Despite the recent developments made in combining AM and sequentially subtractive manufacturing, the
cost of post-process steps is still 20–40% of manufacturing costs [2][6][7][8]. Therefore, AM is mostly
used for low batch sizes. Figure 1 shows the extensive manual process steps conducted for an LPBF part
(which in this case is a lightweight bracket designed by Klahn et al. [6]), including the manual support
structure removal and extensive manual clamping.

Generally, post-processing requires manual steps because complex, individualized AM parts are di�cult
to grip, handle, and clamp in automated processes. Gripping and handling induce low forces and are
required to transport the LPBF part between the process steps [10]. However, clamping induces a high
force to hold the part for stable machining. Kushnarenko [11] described clamping for surface machining
as a bottleneck in mass customization within the AM process chains because of the complexity of AM
designs. Often, complex AM parts require individual �xtures for clamping, which adds high costs and
hinders customization.

The requirement of machining NNS manufactured parts, such as AM parts, is already known from other
NNS processes, such as casting and forging. The examples for this are presented in the casting
handbook presented by Blair and Stevens [12]. Previously, studies have adopted clamping solutions from
the casting domain into the AM domain. For instance, Boonsuk and Frank [13] presented a methodology
for developing sacri�cial interfaces for clamping. The general concept of integrating sacri�cial holding
interfaces into �xtures is similar to that of the approach already used for casted or forged parts [14].

However, the interfaces for AM parts, proposed by Boonsuk and Frank [13], require considerably more
additional materials, building time, and support structures. Moreover, they require extensive manual steps
to remove the interfaces after the machining process. Additionally, it is tedious to place the interfaces
during the design process on the AM part. Furthermore, such interfaces signi�cantly restrict the
accessibility of tools. [10, 11, 12, 13]

Therefore, parallel surfaces are commonly used as clamping interfaces on AM parts, e.g., those described
by Leutenecker-Twelsiek [17]. Figure 2 visualizes the current state-of-the-art technique for clamping parts
between two parallel jaws during machining. The key issues of such clamping systems include reduced
tool accessibility, requirement for additional materials for the two parallel surfaces, and increased
stiffness of LPBF parts to transfer the clamping and milling forces. A case study conducted by Schmelzle
et al. [18] emphasized the consideration of the two parallel surfaces at an early stage of the design
process. This restricts the design freedom of the LPBF parts. Complex AM parts often require extensive
�xtures, in addition to simple parallel surfaces, for stable post-machining.

In addition to using parallel jaws as clamping systems, other types of clamping systems are
commercially available for AM parts and have been described in the literature. Bi and Zhang [19] provided
an overview of �exible clamping systems. For example, form-closure clamping systems are commercially
available at Lang Technik [20]. Tohidi and AlGeddawy [21] described modular and �exible �xtures. Bakker
et al. [22] analyzed multi-�nger modules and a recon�gurable system. Adhesives and resins are other
alternatives for gripping and holding a workpiece during machining [23],21].
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Despite the above described developments made in AM-integrated interfaces and clamping systems, only
a few products are currently used for AM. This is because most of them have disadvantages such as the
extensive manual effort required in installing them or the high clamping forces that can damage fragile
AM structures.

AM enables the production of complex designs and customized parts, which often require to be post-
processed. However, the existing �xtures do not meet all requirements of AM post-processing, and thus
an improved clamping concept is required to post-process the complex design and customized parts at
low costs within a short lead time, particularly after the removal of the built plate.

Compared to the studies conducted in the �elds of casting [25], subtractive manufacturing [26], and AM
[13],12,11], this study contributes the following novelties:

Applicable interface design for a large range of complex AM geometries

Simple and clean interface removal because of prede�ned notches

Requirement of less material consumption and support structure

Achievement of �ve-side tool accessibility because of the combination of the interfaces with the
three-jaw chucks provided by Relea et al. [27] and Schlüssel et al. [28]

The machine interface of the integrated bolts used in this study, is the three-jaw chuck invented by
Schlüssel et al. [28]. It is commercially available since 2019. A �xture welds three bolts on the AM part,
which provide an interface to the three-jaw chuck and to the handling systems. Relea et al. [27]
investigated the feasibility of a three-jaw chuck clamping system for conventionally manufactured parts
with welded bolts. They evaluated it as a promising and stable clamping concept, which increases the
tool accessibility. Figure 3 shows the concept of integrated bolts.

This study aims to (i) introduce the concept of AM-integrated bolts, (ii) validate the concept by
investigating the compliance, the milling roughness and shear-off performance, and (iii) demonstrate the
practical applicability of the bolts through two case studies. These case studies investigate the additional
build time and material consumption incurred. Hence, this study makes the following contributions to the
literature.

Compliance experiment and simulation of interfaces

Analysis of milling behavior

Investigation of removal of torque and remaining material

Demonstration of practical applicability through case studies

Analysis of part deformation

Evaluation of additional LPBF building time required for bolts

This study is structured as follows. Section 2 introduces the concept and design of the integrated bolts.
Section 3 describes the materials and methods used to generate the results. Section 4 shows the results
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of the compliance experiment, compliance simulation, and the milling and shear-off experiments. Section
5 presents two case studies, which demonstrate the application of the bolts, effect of bolts on build time
and material volume and the part deformation. Section 6 discusses the results. Finally, Sect. 7 concludes
the study.

2. Design Of Am-integrated Bolts
The bolts are integrated into the 3D model of the AM part during the design and build job preparation. A
schematic of the post-processing is depicted in Fig. 4. Here, the bolts are placed on the opposite sides of
the supports, thus allowing suitable accessibility for removing the support structure. To ensure proper
robotic handling and a stable machining process without chatter marks, a rigid connection is required
between the functional ball interface and AM part. The machining process introduces tensile and
compressive stresses, as well as a bending stress, on the bolts. Hollow shafts are used for a straight
force transmission from the machined to the clamping system without stress accumulation.

After the machining process, the bolts can be sheared off using a hexagonal wrench. The prede�ned
notches are implemented in the design to transmit the internal introduced tensile, compressive, and
bending loads during machining. For easy removal, they are designed as pre-de�ned breaking points
under torsional load. The torsional stress is accumulated at the notches right at their connection with the
AM part to break with the minimum residual material. To introduce torsional load, a hexagonal cavity in
the functional ball is designed for obtaining an Allen key. In the experiments, the Allen key allows more
control over the load introduction without additional bending of the shaft. Another possible interface is
the presence of parallel surfaces on the shaft for an open-ended wrench.

A functional ball serves as a imprinted interface, enables self-centering, and is independent of the
clamping orientations. Furthermore, it compensates for smaller deviations in the manufacturing process.

Figure 5 shows the freedom of positioning the AM part. The clamping system holds the three bolts, which
is the minimum number of bolts required to meet the positive location criterion. The three jaws clamp the
three bolts without any deformation for all six degrees of freedom. Because of the self-centering of the
AM part, its position is explicitly de�ned and it can be transferred from the 3D model to the post-process
such as a milling machine. However, the thermally induced deformation of the LPBF process should be
considered for the position accuracy. Therefore, the arrangement of the clamping system enables a large
design freedom when placing the bolts in the AM part [27].

3. Material And Methods
The feasibility study investigated the performance of bolts on the test samples through two case studies.
A Concept Laser Mlab Cusing R manufactured all parts of the study from commercially available
stainless-steel 316L powder. The �ber laser of the Mlab has a wavelength of 1070 nm and a laser focal
diameter of 50 µm. The LPBF process operates at a layer thickness of 30 µm, laser power of 90 W, scan
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speed of 600 mm/s, and hatch distance of 84 µm. The samples used in the case studies were tested
under the as-build condition without additional heat treatment. The samples had dimensions of 50 × 50
mm and a height of 20 mm. The experimental approach is plotted in Fig. 6. 

The LPBF samples were manufactured with various bolt con�gurations, as shown in Fig. 7 (left). Figure 7
(right) shows the bolt designs and their dimensions. The two-level factors considered for designing the
experiments were notch-type shaft orientation and jaw shape. 

For the prede�ned notch, a continuous and stepwise design was selected. The continuous notch showed
a larger connection area between the shaft and LPBF part. However, the stepwise notch showed a much
smaller connection area and additional geometrical notches.

The shaft is a hollow tube vertically oriented at 90° or inclined at 45° to the build platform. The inclined
monolithic bolt requires support structures for overhanging the functional ball. This is accepted for the
context of this study for a better comparison between the two orientations. The case study shown in
Sect. 5.2 shows a support-free solution for inclined bolts.

The jaw interface shows two variations: a round jaw and a polygon jaw. The design of the functional ball
remains constant. The round jaw contacts a larger area between the functional ball and chuck. However,
the polygon jaw contacts a smaller area between the jaws and functional balls, causing larger
deformations in the balls.

Furthermore, a two-level full-factorial design of experiment (DoE) was conducted, where the prede�ned
notch, shaft, and two jaw types were used as the input parameters. Eight test samples were required for
the complete DoE, and each manufactured sample was used for the entire experimental procedure during
clamping. Figure 8 shows the symbols and summarizes the sample numbers.

Figure 9 shows the test bench of the compliance experiment with the clamped sample, force sensor, and
two displacement sensors. The rigid machine table of an Oerlikon milling machine was used as the test
bench. Force was applied by moving the machine slide in the x direction. A piezo force sensor (9323A
from Kistler) measured the force applied on the sample with a tolerance of ± 0.5 N. The block and chuck
were very stiff compared to the bolts. Therefore, the measured displacement was attributed to the bolt
deformation. A three-jaw chuck obtained from Gressel AG clamped the bolts of all LPBF samples with a
force of 2.5 kN on each functional ball. A Heidenhain ST 1200 displacement sensor was placed on the
opposite side of the load introduction and measured the sample’s displacement within a tolerance of ± 1
µm. 

A �nite-element analysis (FEA) simulation of the compliance complemented the experimental results,
analyzed the in�uence of friction and simulated the shear of torque. Ansys R19.2 was used to simulate
the static deformation and determine the compliance. The stainless-steel 316l material was applied in the
model. A mesh re�nement was performed to determine a suitable mesh size. The mesh size in the rigid
areas was set as 2 mm. For the critical area of the ball/jaw connection, a mesh size of 0.3 mm was used
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for the balls. For the stepwise intersection of the body/notch, a mesh size of 0.05 mm was used for the
notches. For the continuous intersection of the body/notch, a mesh size of 0.1 was used. For the stick–
slip boundary condition between the jaws and balls, a friction coe�cient of µ = 0.8 was used. 

A frequency response measurement was performed to evaluate the dynamic behavior of the case studies.
The AM parts in the case studies were excited using an impact hammer (Type 9722A500 from Kistler),
and a piezoelectric charge accelerometer (Type 4393 from Brüel & Kjær) was used to measure the
response. The masses of the equipment are indicated as follows: sensor (2.4 g), robotic housing (88 g),
and aerospace bracket (65 g). According to Özşahin et al. [29], a lower sensor mass than the part mass
has a minor in�uence on the frequency response measurement of the investigated sample. A signal
acquisition box recorded the excitation and response signals. Finally, the frequency response function
was calculated from the acquired data.

All milling experiments were conducted using a �ve-axis CNC milling machine (DMU 60 monoBlock from
DECKEL MAHO), and all experiments used a cylindrical shank cutter (Fraisa P45355) with a diameter of
10 mm and four cutting edges for both face and side milling. The cooling lubricant (B-Cool 755 from
Blaser SwisslubeAG) is used. The cutting depth was varied between 1 and 3 mm, and the roughness was
measured using a confocal laser scanning microscope (Keyence VK-X200K). Table 1 lists the process
parameters used in the experiments.

Table 1
Parameter of the milling experiment.

  Cutting
depth ap [mm]

Cutting
width ae [mm]

Cutting
speed
Vc [m/min]

Feed per
tooth fc [mm]

Spindle
speed
n [rpm]

Feed rate
vf [mm/min]

Face
Milling

3,2,1 2.5 90 0.035 2865 401

Side
Milling

3,2,1 1 72 0.035 2292 321

The GOM ATOS Core 200 3D scanner measured the deformation of parts in the case study. The 3D
measurement system is based on the optical stereo camera principle and has a point spacing of 0.08
mm.

In the torsional shear-off experiment a digital wrench adapter (BikeMaster) for the torque measurement
was used, as shown in Fig. 11(a). Moreover, a confocal laser scanning microscope (Keyence VK-X 200K)
was used to measure the height of the residual material after the shear off. Figure 11 (b) shows the
exemplary residual material of the stepwise and (c) continuous prede�ned notches.

 

4. Results
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4.1 Compliance experiment
This section describes the test setup and methods used to analyze the compliance. Figure 12 shows the
different displacement conditions of the bolts during the displacement measurements, including the
maximum displacement xmax and remaining displacement xr.

NNS production is the primary advantage of AM. Post-processing of AM parts requires little-to-no rough
machining, which induces high forces on the machined parts. Therefore, precision �nishing is su�cient
and most commonly used for AM applications, and is known to introduce an ~ 250 N force for 316l.
Fortunato et al. [30] determined a maximum milling force of 210 N and Ozcelik et al. [31] a maximum
milling force of 230 N. The compliance experiments investigated two load cases. In the symmetric load
case, a maximum force of 1500 N was applied toward the chuck center. As for the asymmetric load case,
it represents the worst load case scenario with an eccentric load introduction of 1000 N. Here, the primary
load was introduced on a single bolt. Higher loads would risk large plastic deformations, which would
make it impossible to machine samples after compliance test.

Fig. 13 shows the compliance  for the symmetric load case. The remaining displacement was
primarily based on two effects: the structural plastic deformation of the LPBF part and the slippage in the
�xture. For precise �nishing, high tolerances and therefore low compliance and low displacements are
required. The global maximum compliance of 0.052 µm/N and global maximum remaining displacement
of 53.5 µm occurred for sample 2, with a stepwise and prede�ned notch, vertical shaft, and round
interface. The lowest values occurred for sample 3, with a continuous and prede�ned notch, an inclined
shaft, and a round interface. Considering the 250 N force, which is required for precise �nishing, a
maximum compliance of 0.035 µm/N and a maximum remaining displacement of 0.85 µm were
measured.

Fig. 14 shows the asymmetric compliance  and the remaining displacement , which represents the worst-
case scenario as the highest load occurs on one bolt. Similar to the symmetric measurements, sample 2
had a maximum global compliance of 0.112 µm/N and maximum global remaining displacement of 67.4
µm. However, sample 3 had the lowest compliance and remaining displacement values. In the 250 N load
case, a maximum compliance of 0.05 µm/N was measured, which was higher than that recorded in the
symmetric load case. Moreover, a maximum remaining displacement of 1.1 µm was measured.

To obtain a deeper insight into the effect of different design elements and their interactions, a statistical
analysis of the compliance was performed. To cover a wide load range, average values between 250 and
1000 N were measured to compare the stiffness values of different load cases. The in�uential factors of
the shaft angle and prede�ned notch type had statistically signi�cant effects in the symmetric and
asymmetric load cases with a con�dence level of 95%. However, the clamping interface did not show a
statistical signi�cance.
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  Fig. 15 and Fig. 16 show the main effect diagrams for the symmetric and asymmetric stiffness,
respectively, the steeper the lines, the larger is the effect. This diagram indicates that the interface had no
signi�cant effect on the compliances. However, the inclined shaft and continuous prede�ned notch
showed a signi�cant positive in�uence on compliances.

Fig. 17 and Fig. 18 show the interaction diagrams for symmetric and asymmetric stiffness. The more
parallel the lines, the lower are the interactions between the factors. As shown in the �gures, a large
interaction occurs between the shaft and interface after the asymmetric load introduction. The inclined
bolts indicate a lower compliance with the round interfaces in the symmetric and asymmetric load cases.
Furthermore, a minor interaction occurred in the interaction between the prede�ned notch and interface,
as well as between the notch and shaft, in the symmetric and asymmetric load cases. 

4.2 Compliance simulation
For all test samples, the compliance for the relevant 250 N was simulated using the FEA model to
compare the results with the the experimental ones. Figure 19 shows the total displacement and v. Mises
stress, where a �xed boundary condition leads to lower displacement and lower stresses as compared to
the stick-slip boundary condition.

Fig. 20 and Fig. 21 compare the the compliance of the stick-slip boundary condition and �xed boundary
condition for the symmetric and asymetric loadcases, respectively. The simulation and experimental
results show an approximated trend for all cases. When applying a simulation under the �xed boundary
condition, the compliance with the stick–slip effect was reduced by 49.3% on average for the
symmetrical load introduction and 43.8% for the asymmetric load introduction. Consequently,
approximately half of the remaining displacement was most possibly by the stick–slip effect of the
�xture.

4.3 Milling
The milling experiments were conducted for three cutting depths ap using both face and side milling. The
average surface roughness Ra was measured, and its values are listed in Table 2. As a reference, a rigid
part was clamped in a rigid standard clamping system with a parallel jaw.

Table 2. Ra results for the milling experiment.
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 The measured Ra values of the milling results were at 95% con�dence level. Therefore, no statistically
signi�cant effects of the different bolt designs were observed. The face milling roughness showed a
maximum Ra value of 0.88, and the side milling showed a maximum Ra value of 1.42. Compared to the
reference for face milling, the surface roughness with the three-jaw clamping system had the same Ra
value. For the side milling, the roughness was increased by 13%.

4.4 Shear off
The bolts were removed by introducing a torsional load after machining. The required shear-off torque
was simulated and measured experimentally. The height of the remaining material was measured after
the shear off. Table 3 lists the simulated and measured torques and the height of the remaining material.

Table 3. Results of the shear-off torque and shear off height.
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The stepwise shear-off torque was lower than the torque of the continuous prede�ned notch. All
measured torque values were equal or below 7.1 Nm. The simulated values tended to correlate with the
experimentally measured values.

Figure 22 shows the residual materials of the different samples. The overall results in Table 3 show that
the removed bolts have very little residual heights with a maximal value of 0.067 mm. A higher torque
was required for the inclined shafts to remove the bolts. Moreover, no statistically signi�cant difference
was observed between the continuous prede�ned and stepwise notches. 

5. Case Studies

5.1 Inspection robot
The bolts were integrated in the LPBF manufactured housing of an inspection robot to demonstrate the
robustness of the vertical shaft design. This robot inspects pipes with a phased-array ultrasonic sensor
for quality assurance of welds and corrosion mapping. The housing was mass-customized to �t different
pipe diameters within tight installation spaces. The robot assembly comprised several movable elements,
which required high-precision bearing seats in the housing.

The housing of the robot was already additively manufactured in series production. The primary
challenge of the current AM design was the cost-intensive post-processing because of several re-
clampings within the machining process. Thus, the primary aim of this case study was to demonstrate
that the bolts integrated in the new part enabled machining from �ve sides without re-clamping.

Three bolts were positioned on the non-functional surfaces. The limited space in the �xed housing design
allowed only vertical bolts. The housing geometry limited the bolt diameter. Two of the bolts had a
diameter of 4 mm. However, the third bolt had a diameter of 3.7 mm. The bolts with a stepwise prede�ned
notch design were integrated in the housing to validate the worst-case scenario during milling. The entire
housing was printed on a metallic sheet, which could be simply removed using screws, thus avoiding the
sawing and erosion processes involved in the part removal. An offset of 0.3 mm was added to all
surfaces that required milling. Figure 23 shows the main manufacturing steps involved in inspection
robotic housing.

Figure 24 shows the frequency response function (FRF) and point measurement setup, including the
hammer and the measuring point of the acceleration. The FRF of the housing shows a single dominant
natural frequency peak at 815 Hz.

Figure 25 shows the detailed production process of the housing starting from LPBF to the �nished part.
The entire machining operation was performed without any re-clamping. During the milling process, 19
surfaces with three different tools were machined. Figure 25(f) shows the machined surfaces marked in
yellow. The used bolts were printed on a curved surface with a radius of 10 mm and are shown in
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Fig. 25(g). During the milling process, no chatter was observed and the maximum measured Ra was 0.9
µm. The bolts were easily sheared off using a wrench, and no material residuals were left on the parts. 

Figure 26 shows the deviation between the 3D-modeled part and the AM part, including a hybrid metallic
sheet. Figure 26 (a) shows the part after being removed from the base plate. Strong thermal deformations
occurred on the sheet. Certain local LPBF process-related deformations occurred on the AM part.
Figure 26 (b) shows the �nal part at the clamped position. The deviation caused by the bolts was 0.3
mm.

5.2 Aircraft bracket
To demonstrate the practical applicability of the inclined shafts in the LPBF build direction, the part-
integrated bolts were applied to an optimized topology aircraft bracket.

The aircraft bracket had several screw connections that required milling to �nish the interfaces. However,
a big challenge within the process chain of aircraft brackets is the removal of the support structures and
milling of the functional surfaces. Thus, an offset of 0.3 mm was added to all surfaces that required
milling. Figure 27 shows the primary process steps involved in the aerospace bracket.

The aircraft bracket is a topology optimized structure for a speci�c load case. For other load cases, such
as clamping using two jaws, the design was fragile and required additional materials. Therefore, the use
of bolts is ideal in such processes because it does not induce additional stress. The ideal build direction,
which requires minimal support, is plotted in Fig. 27(a). 

Figure 28(a) shows the monolithic bolt design with a functional ball interface at the end. The inclined
orientation of the shaft requires support structures for the clamping balls. Such support structures require
to be manually removed prior to the machining process. Thus, to achieve completely automated
machining, it is necessary to avoid such support structures. The proposed solution is to separate the
shaft and functional ball into two parts. On top of the shaft, a separately reusable LPBF-produced cap
with two wings is added for clamping of the bolts, as shown in Fig. 28(b). The cap can be manually
added or using a robot. Furthermore, the wings ensure that the cap is ideally oriented between the jaws.

The bolt design for the cap has a shaft with an outside hexagonal design for a wrench to shear off the
bolts. The estimated shear-off torque is between 3.3 and 4.7 Nm depending on the connection angle to
the solid part. The shaft includes the same prede�ned notches for the cap design as those for the
monolithic design.

The effects of the monolithic and cap design on the FRF and milling process were investigated. Figure 29
shows the FRF, position of the induced hammer force, and measurement location of both the monolithic
and cap designs. The measurement location was carefully selected such that it can coincide with a
critical position at which high vibrations are expected. Both designs had a dominant natural frequency
peak at 818 Hz. At this frequency, the compliance of the monolithic design was signi�cantly higher than
that of the cap design. It is assumed that the contact between the shaft and cap damped the vibrations.
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Another dominant peak occurred at 627 Hz with the monolithic design. At higher frequencies, no
dominant natural frequencies occurred. 

Figure 30 shows the surface roughness for both design variants after milling. Figure 30 (c) and (f), and to
some extent (b) and (e), showed chatter marks on the bracket, which were formed because of the thin
walls at this position which could not supported by the bolts. Despite the chatter marks, the surface
roughness was not substantially increased. The milled surfaces of the cap showed slightly lower
roughness than the monolithic designs, which corresponded to the FRF results.

The brackets were 3D-scanned and compared with the CAD model to investigate the accuracies of the
LPBF part and the milling process. Figure 31 and Fig. 32 show the aircraft bracket from two different
perspectives. Figure 31 focusses on the bolt accuracy, while Fig. 32 focuses on the milling surface, which
is a functional surface, requiring high accuracy.

Figure 31(a) and (b) show the deviations between the LPBF parts and CAD part for the monolithic design
and cap design, respectively. The bolt interfaces had a maximum deviation of 0.1 mm. Certain regions
showed higher deviations because of the local inaccuracies of the LPBFprocess such as dross formation
on down-skin surfaces and thermal deformation induced by residual stresses of the LPBFprocess [29,
30].

Figure 32 shows the deviation in the aircraft bracket between the 3D model and AM parts. Figure 32(a)
shows the monolithic design and Fig. 32 (b) shows the cap design. The deviation caused by the
inaccuracy of the bolts was 0.3 mm.

Figure 33 shows the detailed manufacturing process of the aircraft bracket using the monolithic and cap
designs, and f) highlights the milling surfaces. The milling process machines nine surfaces with three
tools, involving a fully automated support removal process. All steps were performed without any re-
clamping.

5.3 Effect of bolts on build time and material volume
The integration of bolts requires additional build time, material, and in some cases, build height in the
LPBF process. The volume of each bolt depends on its length, diameter, and ball type. The height of the
build increases only when the bolts exceed the top of the part and require additional layers in the LPBF
process. Both the additional volume and layers increase the build time of a part. Table 4 lists the effect of
the integrated bolts on the different parts used in this study. Each part was manufactured in an individual
build job without other parts on the build platform. The parts represented the range of integrated bolts
and demonstrated the impact of the bolts on the build height, volume, and time.
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Table 4
Additional build time and material

  Aircraft Bracket Robotic
Housing

Test Sample

Monolithic Cap
Design

Straight Inclined

Build
height

Total build height [mm] 75,50 72.50 22.40 36.40 36.40

Mart and support build
height [mm]

68.30 68.30 9.10 23.90 23.90

Bolt build height [mm] 7.20 4.20 13.30 12.50 12.50

Additional bolts’ build
height

9.54 % 5.79 % 59.38 % 34.34 % 34.34
%

Material
volume

Total material volume
[cm3]

11.76 11.44 5.38 37.66 37.69

Part and support
volume [cm3]

11.00 11.00 4.44 36.90 36.90

Bolt volume [cm3] 0.76 0.44 0.94 0.76 0.79

Additional bolts’ volume 6.91 % 4.00 % 21.17 % 2.05 % 2.14 %

Build

time

Total build time [h] 8.75 8.48 3.69 11.76 11.82

Mart and support build
time [h]

8.12 8.12 1.61 10.78 10.78

Bolt build time [h] 0.63 0.36 2.08 0.98 1.08

Additional bolts’ build
time

7.76 % 4.43 % 129.19 % 9.09 % 10.01
%

6. Discussion And Outlook
This paper proposes new interfaces in the form of bolts for handling and clamping AM parts. The
experimental results of bolts, including the milling experiments, exhibited robustness and practical
applicability and achieved a surface quality comparable to that of traditional clamping systems.

6.1 Bolts
The experiments demonstrated acceptable compliance and displacement, which enabled precision
�nishing. A global maximum remaining compliance of 0.112 µm/N and a global max displacement of
67.4 µm occurred in the asymmetric load case at 1000 N. As for the symmetric compliance, the values
were signi�cantly lower even at a load of 1500 N. At a representative load of 250 N for milling, the
maximum compliance was 0.05 µm/N and the maximum remaining displacement was 1.1 µm for the
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asymmetric load case. The symmetric load case was signi�cantly lower and the maximum values always
occurred on sample 2 with a stepwise prede�ned notch, vertical shaft, and round interface.

The compliance experiment showed a dominant main effect on the average compliance of the shaft and
the prede�ned notch on the bolt. However, the chuck interface had no effect. The inclined shaft showed a
stiffer average compliance because of the following reasons. (i) A more direct force transmission from
the AM part to the chuck was provided; thus, a lower stress and deformation occurred at the notch. (ii)
Moreover, the cross-section of the inclined notch was higher than that of the vertical notch, leading to
lower stress and compliance. (iii) Finally, the lever was 0.9 mm shorter, leading to lower rotational
moment. An interaction of factors responsible for the average compliance was observed between the
shaft orientation and chuck interface. This was caused by the rotational moment and different force
transitions of the inclined and vertical shafts. The polygon interface was more bene�cial for the vertical
shafts because of the form closure, and the round interface was more bene�cial for the inclined shafts
because of the reduced surface stresses and lower remaining displacements. The continuous prede�ned
notch had a positive effect on the compliance because of a lower stress accumulation. The stress
accumulation in the stepwise prede�ned notch was higher because of the additional geometrical
notches.

The static force was simulated to validate the relevant displacement in the experiment and investigate
the friction of the �xture. An approximate trend between the simulation and experimental results was
observed, as plotted in Fig. 20 and Fig. 21. The main reason for the inaccuracy is the approximation of
the friction between the chucks and the balls. When applying a simulation under the �xed boundary
condition, the compliance with the stick–slip effect was reduced by approximately 50%.

The milling surface roughness, which has a max Ra of 0.88 µm with face milling, is in a similar range
compared to the results obtained by Fortunato et al. [30] for other LPBF machined parts using standard
clamping systems. Moreover, it is similar to the milling of conventionally produced parts, which were
investigated by Bajić et al. [34]. The side milling showed a maximum Ra value of 1.42, which was
comparable to that of the conventionally clamped side-milling parts, as described by Chang and Lu [36].
The resulting roughness values were comparable with those of other LPBF manufactured and milled
surfaces shown in the post-processing guidelines, introduced by Lammers et al. [37]. Finally, the
roughness results were compared with those obtained for a rigid standard clamping system.
Consequently, the bolt clamping system showed similar roughness results to those of a standard
clamping system. Overall, the milling results highlighted the robustness of the bolt design for the milling
process. Moreover, no chatter marks were observed.

The maximum shear-off torque required to remove the bolts was 7.1 Nm. Following the
recommendations of Steinberg et al. [38] to limit the manual tractive force with �st closure to 170 N and
assuming a hexagonal wrench with a lever of 80 mm, a maximum manual torque of 13.6 Nm was
applied. Therefore, the measured shear-off torque was acceptable for the manual removal of the bolts.
Moreover, the automated removal of bolts was possible. After the removal, the maximum residual



Page 16/46

material was 0.067 mm, which is acceptable for most end-user applications. We observed differences of
the measured shear-off torque and the simulated, most possibly caused by LPBF process related
inaccuracies.

Both case studies applied a stepwise notch and a round interface. For the robot housing, the vertical
shafts and stepwise notches were used, which had 0.3 mm smaller diameters than those of the
previously used notches. For the aircraft bracket, inclined shafts were used with a notch of 45° in the
build direction. Moreover, the bolts for both case studies were added on the curved surfaces, which were
not as plane as those of the test sample.

A close control of tolerances was essential for functional parts. The largest compliance in this study was
measured on sample 2 with a displacement of 112 µm at 1000 N. A more realistic milling force of 250 N
resulted in a displacement of 12.5 µm. The general engineering tolerances for a nominal dimension of 6–
30 mm allow a maximum deviation of ± 200 µm for the medium tolerance class [39]. The measured
deformations of both case studies are well within this limit and con�rm a su�cient accuracy of the
milled surfaces. The exceptions are the slightly higher deviations on the milled surfaces where chatter
marks occurred because of the vibration of the bracket.

The dynamic stability of both case studies showed dominant peaks of FRF, but the eigenmode and
chatter marks, caused by the bolts, could be avoided. A difference in the amplitude of the dynamic
compliance was observed between the cap and monolithic designs, as shown in Fig. 29. Contact
interfaces are known as strong contributors to the overall damping of a structure. The additional interface
introduced by the cap design can explain the much lower compliance at 818 Hz.

The post-processing showed suitable milling results. Note that the chatter marks at positions two and
three of the aircraft bracket (Fig. 30) were caused by the thin wall rather than the bolts and the clamping
system. To guarantee a stable milling process without chattering, it is recommended to place the bolts
close to the milling surfaces. Within the milling processes, the parts were not re-clamped. The deliberate
choice of using the worst-case bolts highlighted the robustness and proved the practical applicability
even in the worst-case scenario.

Several factors require to be considered to evaluate whether it is e�cient to use the bolts. The additional
build height, material volume, and build time are relevant cost drivers for bolt manufacturing. The
additional effort required in the LPBF process of the bolts for a single part on one build platform is
calculated and presented in Table 4. The aircraft bracket represents a large, weight-optimized part with a
large height and relatively low material volume. This led to a low percentage of additional build time for
the bolts. The positioning of one bolt near the top increased the height, which further increased the total
build time. The cap design had a lower build height, material volume, and additional build time because
of reusable caps. The robotic housing represents a compact, �at part, as well as a low material volume
part. The bolts signi�cantly exceeded the robotic housing. Both the additional volume and height led to a
high percentage of additional build time. The test samples of the static and milling experiments had a
relatively low height but a high material volume. This led to a relatively low percentage of additional build
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time and material volume. Compared to existing literature, this additional material consumption for
integrated clamping interfaces is low [13]. A quicker and easier clamping of parts for post-processing
compensates the additional effort of integrated bolts.

6.2 Value of the design
The use of bolts adds value by providing interfaces for clamping and handling, thus enabling the
automation of AM process chains for customized parts.

This design can be easily adapted for other part geometries, which substantially simpli�es the design
process of AM parts, as the use of parallel surfaces for clamping is not required. The bolts can be placed
in different orientations and on various curved surfaces. Moreover, the part stiffness does not have to
sustain the clamping loads.

The bolts can be integrated on surfaces that face away from the build platform. This orientation presents
two advantages: i) at an angle above 45° to the build platform, no support is required and ii) elements
that need machining, such as support structures, usually face downward. These opposite positions
enable ideal tool accessibility to most of post-machining surfaces.

The bolts are designed for an easy placement on any part. A standard shaft �ts on a large range of
positions on the AM part with a minimum design effort. The round head avoids bending or torsional
stresses on the notch. Hence, the part is clamped even when the shafts have deviations. The straight
shaft design enables a direct transfer of load from the AM part to the clamping system. However, in
future, other designs should be used, e.g., monolithic design variants with less support structure than the
current design, especially when the bolt placement is automated.

Compared to other interfaces previously proposed by Chen et al. [15] and Boonsuk and Frank [15], the tool
accessibility of LPBF parts was increased to �ve sides by combining the three jaw-clamping system
proposed by Relea et al. [27] and Schlüssel et al. [28] with integrated, support-free bolts. Furthermore,
handling techniques, such as bolt removal, were signi�cantly improved.

The use of bolts enables clamping for a large number of post-machining applications and the part’s
position in the clamping system is already de�ned using the 3D model. The position detection of the
complex AM part is not necessary when a small deviation occurs on the LPBF part. For both case studies,
no position detection was applied.

The 3D scans of the aircraft bracket and robotic housing measured a global maximum deviation of 0.6
mm between the as-build LPBF part and the 3D model, caused by local process inaccuracies. The
maximum deviation of the bolt interfaces after the build plate removal was 0.1 mm for the aircraft
bracket and 0.15 mm for the robotic housing. For both case studies, a maximum deviation of 0.3 mm
was measured at the clamped position because of the deviation in the bolts. Therefore, an additional
offset was added on the surfaces to be machined. A general recommendation is not possible to state
because the deviation depends on the part’s geometry, the AM process, and the post-treatments. The
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thermally induced deviation of an AM part can be further reduced using heat treatment [40]. The
integrated interfaces can be used for gripping and handling by industrial robots, thus enabling the mass
customization and series production of individual lightweight parts.

The bolt concept is especially interesting for a large range of industry sectors, especially for medical and
dental sectors, which require mass customization. Moreover, it is useful for the automotive and
aerospace industry sectors where topology-optimized lightweight parts are required in large batch sizes.

However, there are limitations to the application of integrated bolts. Very small parts or large parts are
di�cult to clamp. Moreover, fragile or thin-walled parts, such as lattice structures, are di�cult to clamp
using any mechanical clamping system.

6.3 Process automation and outlook
This study applied LPBF, which is a commonly used metal AM process. The primary advantages of this
process are the NNS manufacturing of complex and individualized shapes. However, LPBF requires
support on overhanging surfaces and in vertical channels above a certain diameter, according to the
material-speci�c guidelines presented by Kranz et al. [41]. As shown in this study, the supports can be
milled entirely, however, the tool wear of the milling support structure must be further reduced [42]. In
future, the applicability of the proposed bolts should be investigated in other metal AM processes. One
possible example of this is electron beam melting, which is a process with an acceptable NNS [43].
Furthermore, other plastic AM processes, such as FDM or SLS, require extensive post-processing but
lower machining forces compared to metal AM. Thus, the bolt concept can be used in such processes.

This study successfully applied �nish milling, which is the most used post-process for LPBF parts. For
this process, a maximum load introduction of 250 N was assumed according to Fortunato et al. [30] and
Ozcelik, Kuram and Simsek [31]. Other post-machining processes for AM parts, such as grinding and
thread cutting, introduced higher loads and must be investigated to validate the applicability of bolts.

This study built on a three-jaw chuck proposed by Schlüssel et al. [28] and introduced integrated
interfaces to clamp AM parts. Its primary advantage over other mechanical clamping systems such as
from Lang Technik [20] or Bakker et al. [22], is that no workpiece deformation occurs because of the
induced clamping forces. The concept of integrated bolts does not require any cleaning before and after
machining as that required for adhesive workpiece holding [23],[24], as well as provides an interface for
handling. This approach allows clamping and handling at a minimum, or even without, manual
operations. Moreover, it creates an additional form closure and has �ve-sided tool accessibility. Overall,
because of the positive location criterion, the three bolts can be freely placed on the part.

The bolts are intended to be used as an interface for robotic handling, which accelerates the part with up
to 13 g [10]. This induces a force of 37 N for the test sample (m = 295 g), 11 N for the robot housing (m = 
88 g), and 8 N for the aircraft bracket (m = 65 g). Therefore, this study focused on clamping, which is the
most critical step for process automation because of the generation of high forces. However, to validate
the entire process chain, the robotic aspects of gripping and handling and the automated powder removal
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should be investigated based on an algorithm derived from CAD, developed by Kiener [44], and investigated
by Hunter et al. [45].

The part with the maximum build height in this study was the aircraft bracket with a height of 80 mm. To
further increase the applications, larger build sizes require to be investigated. Larger parts increase the
clamping distances, levers, and forces. Integrating bolts into larger parts requires investigations on how
to ensure a safe and stable machining. One possible solution are additional bolts that are connected to a
clamping system with telescopic rods.

The monolithic ball interface of the inclined shaft on the aircraft bracket requires support, which hinders
the complete automation of the post-process chain. Moreover, the case study presents a separately
manufactured reusable cap to avoid this support. Furthermore, the reusable cap reduces the bolt height
and volume. The caps are currently manufactured by AM and can be mass-produced in future.

The functional sheet metal concepts for LPBF, which are visible on the inspection housing, as well as by
Schaub et al. [46], can be an additional facilitator for process automation. The metallic sheet can reduce
the material waste and avoid support structures. This concept needs to be further developed to enable the
machining of smaller parts, more fragile parts with thin walls, such as lattice structures, and to reduce the
AM build job time.

Further steps in the development of integrated bolts are guidelines for bolt positioning and orientation. An
explicit guideline is the basis for algorithms to automate the bolt placement, similar to the state-of-the-art
automated support structure generation. Boonsuk and Frank [13] already proposed an algorithm for tool
path generation for other clamping interfaces of AM parts. This should be adopted and improved for the
bolts presented in this study.

7. Conclusion
This study introduces a new design and concept of integrated bolts as a interface for handling and
clamping of AM parts. A force of 250 N resulted in a maximum displacement of 12.5 µm. The milling
results demonstrated a maximum Ra value of 1.42 µm. After removing the bolts, a maximum residual
height of 0.067 mm remained. The following conclusions were drawn.

The proposed bolt design is robust against milling forces and can be applied to many AM part
geometries as standardized clamping and robotic handling interfaces.

The proposed clamping system does not induce any force on the AM parts, which is bene�cial for
load-optimized AM parts.

This is the �rst study in which the bolt design enables �ve-sided tool accessibility for LPBF parts
during machining, and therefore signi�cantly reduces the need for re-clamping.

The bolts offer additional design freedom for AM parts and simplify the design process compared to
the conventional parallel clamping interfaces.
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The bolts can be easily removed using a wrench and leave only little residual material.

The practical performance of the bolt is highlighted using two industrial case studies in which the entire
milling processes were successfully performed at one clamped position. The integrated bolts act as a key
enabler of automated AM processes. Thus, using the proposed method, the AM technology can be used
in industrial series production. Researchers and practitioners are invited to apply the integrated bolts in
their applications and extend their impact beyond the scope of this study.
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Figures

Figure 1

Conventional LPBF post-processing chain highlighting the problematic removal of support structures and
the required part clamping for machining.
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Figure 2

Use of parallel surfaces to clamp complex AM parts between jaws.
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Figure 3

(a) Test samples in the AM-build direction and (b) three-jaw chuck.
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Figure 4

Automated process chain, including gripping, clamping, and handling, as well as milling and bolt
removal.
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Figure 5

Freedom of placing the bolts on the three-jaw clamping system: a) Bolt position of the test sample; b)
Further examples of bolt positions.

Figure 6

Experimental approach
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Figure 7

(Left) Various main elements of the bolt; (Right) Dimensions of the bolts

Figure 8
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Summary of the test sample numbers and symbols

Figure 9

Compliance experiment.
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Figure 10

Mesh used for FEA of rigid AM part, the stepwise shaft, and polygon jaws

Figure 11

(a) Shear-off experiment; (b) Residual material after shearing-off the stepwise prede�ned notch; (c)
Continuous prede�ned notch
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Figure 12

Displacement states of the bolts during the behavior experiment.
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Figure 13

Compliance (blue) and remaining displacement (orange) of the symmetric load cases for different
examined bolt concepts.
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Figure 14

Compliance (blue) and remaining displacement (orange) of the asymetric load cases for different
examined bolt concepts.
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Figure 15

Main effect diagrams for symmetric stiffness.

Figure 16

Main effect diagrams for asymmetric stiffness.
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Figure 17

Interaction diagrams for symmetric stiffness.
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Figure 18

Interaction diagrams for the asymmetric stiffness.

Figure 19

Total displacement and v. Mises stress, exemplary sample 2 for a symmetric load case
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Figure 20

Simulation under stick-slip boundary condition, simulation under �xed boundary condition, and
experimental results for the symmetric load case at 250 N
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Figure 21

Simulation under stick-slip boundary condition, simulation under �xed boundary condition, and
experimental results for the asymmetric load case at 250 N
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Figure 22

Shear-off results after all experiments were conducted for the different examined bolt concepts.

Figure 23

(a) Inspection robotic housing after LPBF; (b) clamped condition during milling; (c) �nished part obtained
after milling and bolt removal.
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Figure 24

Frequency response function of the robotic housing.

Figure 25
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Detailed manufacturing process of the vertical bolts on the robotic housing.

Figure 26

Deviation between the CAD part and the LPBF part on the metallic sheet, a) after LPBF manufacturing
and after removal of the built plate, b) after the milling process at the clamped position.

Figure 27

Aircraft bracket; (a) after the LPBF manufacturing process; (b) under the clamped condition during the
milling process; (c) after milling and bolt removal.
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Figure 28

(a) Monolithic design with support; (b) cap design without support.
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Figure 29

Frequency response function of the aircraft bracket for the cap and monolithic bolt designs.

Figure 30

Surface roughness after milling the aircraft bracket; (a) Face milling process of the cap design; (b) Side
milling of the cap design; (c) Side milling of the cap design; (d) Face milling of the monolithic design; (e)
Side milling of the cap design; (f) Side milling of the cap design
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Figure 31

Deviation between the 3D model and LPBF part after removal of the base blade: a) for the monolithic
design and b) for the cap design.

Figure 32
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Deviation between the CAD part and LPBF part and sheet metal, a) after LPBF manufacturing and after
build plate removal, b) after the milling process at the clamped position

Figure 33

Detailed manufacturing process of the inclined bolts on the aircraft bracket.


