Production Engineering (2021) 15:79-87
https://doi.org/10.1007/511740-020-01002-6

PRODUCTION PROCESS q

Check for
updates

In-process calibration of smart structures produced by incremental
forming

Nassr Al-Baradoni'® - Martin Krech' - Peter Groche'

Received: 23 July 2020 / Accepted: 11 November 2020 / Published online: 24 November 2020
© The Author(s) 2020

Abstract

Smart load-bearing structures are created by forming integration of functional materials into passive metallic components
with target-oriented pre-stress conditions by rotary swaging. Their sensory capability cannot only be used during the utiliza-
tion but also during the manufacturing phase. Previous works demonstrated how this capability paves the way for efficient
monitoring and controlling of the used integration process. In search of an even higher overall efficiency of the manufacturing
chain, the subsequent costly calibration step deserves closer attention. Therefore, a cost- and time-efficient approach for the
process-integrated calibration of a sensor-integrated structure is proposed in this paper. During the in-process calibration,
the acting process forces are measured both in the integrated sensor and in a special-built clamping fixture. The measured
data can be transferred into calibration slopes of the sensory structures. A suitable signal processing based on the process
characteristics is performed to compensate interference effects on the raw signals. As a result, an accuracy of the calibration
better than 2% of the nominal value compared to an offline standardized calibration is achieved with the in-line calibration
method. Consequently, efficiency in the manufacturing of sensory structures is further boosted by avoidance of setup or
logistical operations.
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1 Motivation

Today, load-bearing structures usually fulfill a purely
mechanical function: transmit forces and torques safely to
ensure reliable and trouble-free operation. To satisfy this
requirement, these structures are traditionally dimensioned
conservatively taking into account safety factors. However,
this approach is expensive and an obstacle to lightweight
designs. Within the scope of digitization, the demand for
additional sensory or adaptive functions at low cost and high
robustness is emerging. In order to meet this demand, many
researchers are investigating a multitude of manufacturing
technologies for multifunctional metallic structures with
integrated functional materials.

In general, research in the production of smart struc-
tures using composite materials and hybrid structures is
widely driven forward. For instance, the production of

P4 Nassr Al-Baradoni
al-baradoni @ptu.tu-darmstadt.de

Technical University Darmstadt, Institute for Production
Engineering and Forming Machines, Darmstadt, Germany

polymer-based piezoelectric applications by additive manu-
facturing [1] or the integration of a piezo module by form-
ing the initially powdery structural material layer by layer
through a selective laser sintering process [2] have gained
interest. The combination of a highly enriched thermoplastic
polymer with piezo ceramic powder and thin metal sheets
by combining extrusion and rolling [3] or the embedding
of FBG sensors in civil engineering structures based on
various technologies [4] are further examples of research
work within this field. Other investigations center around
the integration of piezoelectric transducers [5] and strain
gauge-based sensors [6] into metallic structures by high
pressure die casting, or around the integration of fiber optics
on metallic structures by TIG welding [7].

Since most of these structures are produced by forming
technologies, joining by forming has meanwhile estab-
lished itself as a suitable technology for the integration of
functional materials, such as transducers, into metallic load
bearing structures. According to Groche et al., the joining
process is based on the plastic deformation of at least one
joining partner, which generates a force and/or form fit joint
[8]. Groche et al., presented an integration processes, where
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piezo and strain gauge-based transducers are fixed and pre-
stressed in metallic tubes [9] and fasteners [10] based on
suitable process designs of the incremental forming pro-
cesses recess and infeed [11] rotary swaging.

Schubert et al. introduce the integration of micro-piezo
modules in micro-structured cavities within the surface of
an aluminum sheet, prior to generating a force fit [12] and a
form and force fit joint [13] by pressing.

Since joining by forming allows for target-oriented pre-
stress conditions, the transducer to be integrated can also
be used to monitor and even control the joining process.
Miiller et al. developed an in-process monitoring method for
the preload evaluation and for fault detection during the inte-
gration of piezo modules into micro-structured aluminum
sheets [14]. In order to obtain defined preload and therefore
reproducible sensory properties of the sensory structures
produced by incremental forming processes, Krech et al.
use the signal of the force transducer that is to be integrated
to control its preload during the integration process [15].

Once the integration process is accomplished, the created
sensory structures are usually characterized in a downstream
time-consuming calibration stage. A defined test sequence
has to be performed on a testing machine according to stand-
ards, for example the standard ISO 376 for the static calibra-
tion of force sensors [16]. In addition to the static methods,
there are also approaches for dynamic calibration methods,
mainly applied to evaluate the dynamic behavior of the sen-
sor. Recently, dynamic calibration methods are researched,
in which forces are generated with the aid of accelerated
masses. This allows to generate traceable, sinusoidal forces,
which are used for a dynamic calibration of force sensors
[17]. A further approach is to generate a defined impact [18]
or step [19] excitation while recording the accelerations of
the known masses and thus deriving the generated inertial
forces. So far, a dynamic calibration must be followed by a
static calibration, as otherwise a higher measurement uncer-
tainty of more than 2% is to be expected [20]. According to
the state of the art, both static as well as dynamic calibration
methods are always conducted on stand-alone calibration
machines, which necessitates considerable time and efforts
for an additional process step.

Utilizing the transducer already during the integration of
the sensor into the structure to control the joining process
(see [15]) raises the question: which process conditions and
signal processing allow for a process integrated calibra-
tion of sensory structures? A successful process integrated
calibration of sensory structures could help to increase the
economic efficiency of the manufacturing chain by avoid-
ing the downstream calibration step. However, this approach
requires both the suitability of the process used and a reli-
able determination of the resulting measurement uncertainty.

In this paper, we therefore investigate the integration
of the calibration step into the manufacturing process of
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sensory structures produced by the incremental forming
process rotary swaging. The aim of this work is the identifi-
cation of new requirements resulting from the novel calibra-
tion approach. This includes the identification of appropriate
time slots for the calibration, the determination of the limits
with regard to accuracy and detectable component defects
as well as the establishment of a suitable data processing
method.

In detail, the paper is structured in the following way:
In the next chapter, the process sequence for the integra-
tion and in-process calibration of produced sensory hollow
structures is presented. Afterwards the experimental setup
and the implemented data processing are described. In the
fourth chapter, a comparison between standardized and in-
process calibration values is carried out. The results are then
summarized and discussed.

2 Process description

Two aspects of incremental forming processes like rotary
swaging are advantageous in terms of further integrating
process steps in the production process of sensory structures.
On the one hand, the forming tools only have a localized
impact on the workpiece and generate stress states around
the forming zone that are similar to those in the utilization
phase. This allows for using the forces generated during the
forming strokes as a calibration load. On the other hand,
the loading and unloading of the tools offers the advantage
of unambiguous zero points at various times. A possible
zero offset during the integration process, e.g. as a result
of a preload change, can be clearly identified. Moreover,
the periodic dynamic load cycle consisting of loads and
unloads is comparable to the load cycle for the periodic
excitation of the dynamic calibrations [20]. The clamping
fixture can furthermore be used as a convenient machine-
side reference point, since the occurring forces act both on
the workpiece and on the clamping fixture along a unique
path. Figure 1 illustrates the setup for the investigated in-
process calibration.

As can be seen in Fig. 1, the metallic tube with integrated
force transducer is fixed in the clamping fixture. While the
forming tools oscillate in radial direction during the forming
process, the clamping fixture rotates and moves the tube out
of the forming dies. This results in tensile forces F,, along
the path between the dies and the clamping. This force can
be measured both by the integrated force transducer and by
the sensors on the clamping surface.

The sensory structures investigated in this study con-
sist of a strain gauge-based force transducer, which is
joined into a metallic tube (Fig. 1). The form and force fit
is generated through joining by plastic deformation of the
metallic tube [8]. The manufacturing process used in this
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Fig. 1 Measurement setup for
in-process calibration of sensory
structures produced by rotary
swaging. Acting axial process
forces (F,,) are measured dur-
ing the forming both in the tube
(F, ) and in the clamping

ax,tube

Fax,clamping)

tubular metallic structure

investigation is based on rotary swaging, which is an incre-
mental forming process for changing the cross section of
tubular or solid bar stock [21]. Four oscillating tools taper
the workpiece by a large number of forming strokes while
the workpiece rotates [22]. The outer diameter of the tube
is reduced by hammering strokes and, as a result, the inside
diameter decreases. After forming, the force transducer is
joined with a preload inside the tube.

To achieve a form- and force-fit joint of the transducer,
a four-step forming sequence is proposed: First, a preform
is created with the aid of a mandrel (Fig. 2a), step 1. At the
subsequent insertion step, a force transducer is inserted
into the preform and positioned at its end stop, step II.
Both the previously used mandrel and the transducer have
an inclined stop surface, so that there is a flat contact sur-
face. The tube is clamped into the sensory clamping fix-
ture and is further processed, step III. By this, the tube is
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deformed inwardly in the zone above and beyond the inlaid
transducer. A mandrel from the opposing side is used to
apply a pressure force F,, to keep the transducer in its
position and to preload it during the joining. The material
flows on the right shoulder of the integrated transducer,
which generates an axial preload F,,. During this process,
the temperature of the tube 7. increases due to the plas-
tic deformation while the transducer remains in a colder
state. In step IV, the forming tools as well as the mandrel
have moved away from the transducer zone. After some
time, the temperatures of both components are at the same
level again.

The transducer is preloaded by F, during the integration
process and can therefore be used to detect tensile forces
acting on the tube. In [15] the effect of Fp on the sensory
properties of the created sensory structure is thoroughly
investigated. Due to the run-in angle of the tools and
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Fig.2 Process design for the integration of force transducers into metallic hollow tubes by rotary swaging according to [23]. a Process stages, b
the end geometry and the material of the sensory tube, ¢ geometry and material of the integrated transducer

@ Springer



82

Production Engineering (2021) 15:79-87

the insertion, axial forces occur over the entire distance
between the clamping fixture and the tool engagement. As
soon as the tools are acting outside the joining zone, the
axial forming forces can be measured by both, the newly
created sensory tube and the sensory clamping fixture as
a machine-side reference point (Fig. 1).

Figure 3 shows a measurement of an integration pro-
cess (step II-step IV) by the integrated transducer in the
tube and the sensory clamping fixture. At the beginning, a
mandrel compression force F, is applied, which is equally
measured by the transducer and the sensory clamping fix-
ture. As soon as the tools move out of the transducer’s
joining zone (from 22 s onwards), the mandrel is pulled
out and tensile forming forces are equally acting both in
the sensory tube and in the sensory clamping fixture.

It can be observed that the signals of the integrated sen-
sor drift over the measuring time. The signals are affected
by two significant interferences. One of them is the chang-
ing temperature at the transducer’s joining zone caused by
the different temperature levels inside the integrated trans-
ducer and the tube. The tube is heated due to forming and
starts shrinking towards the cooler transducer. Hence, the
zero-point line is shifted, which affects only the integrated
transducer, but not the sensory clamping fixture. The sig-
nal of the transducer is drifting exponentially below the
zero-line. The other significant interference is the sinusoi-
dal zero-point drift of the signals. The axial force sensors
are subject to a bending effect caused by the gravity on
the structure (clamping and tube), which is increased as
the tube comes into contact with the forming tools. The
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rotation of the structure results in a sinusoidal zero-point
drift of the signals. These effects will be further analyzed
in Sect. 3.2, when the data processing method is derived.

For the machine-side reference, the sensory clamping
has to be designed in such a way that it is able to withstand
high loads and to measure the loads with sufficient sensitiv-
ity at the same time. Additionally, the dynamic behavior of
the structure has to be taken into account. In the following
chapter, these central design features, the sensory clamping
fixture and the procedure for data processing are described
in detail.

3 Test procedure
3.1 Sensory clamping fixture

The clamping fixture has been identified as a suitable part
for a unique machine-side measurement of the forming
forces. The hollow clamping fixture is thus upgraded to
a sensory clamping fixture by applying strain gauges and
mounting measuring nodes on the outer surface (Fig. 1). To
achieve high sensitivity, the wall thickness in the region of
the strain gauges is reduced from 12 to 2 mm. Two separate
half bridges consisting of linear strain gauges are used to
measure the axial forces. The two axial forces Fy cjamping 1
and Fy cjamping 2 are averaged to a resulting force F, jampine-
This increases the accuracy, which is a common measure for
high-precision force transducers [24]. Due to the rotation
of the clamping fixture during the forming process, signal
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Fig.3 Axial process forces at the integrated transducer and the sensory clamping fixture during the integration phase (0 s to 22 s) and the cali-

bration phase (49 s to 65 s) as well as the occurring zero-point drift
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amplifiers with wireless data transmission (wireless measur-
ing nodes) “SG-Link®-OEM-LXRS®” of the manufacturer
“LORD Sensing” [25] are used.

The developed machine-side reference sensor itself is
calibrated within the process-related force range (0—12 kIN)
before use. A standardized static force calibration takes
place in the mounting position and is carried out with the
force sensor “KDM-30Z” of the manufacturer “me-systeme”
according to the standard ISO 376 [16]. This results in a
calibration value of 9.37 kN/(mV/V) for the first strain gauge
sensor Fyy jamping 1 a0d 10.56 KN/(mV/V) for F,, jamping 2-
The end-value related deviation of the averaged signal
Fax,clamping is 0.8.

To investigate the dynamic behavior of the clamping
device, the structure is first excited with an impact. Then
it is also analyzed during the forming process at different
stroke frequencies of the forming tools (Fig. 4). The standard
oscillation frequency of 29 Hz (Fig. 4, top) and a reduced
frequency of 2.5 Hz (Fig. 4, bottom) are used. To quantify
the dynamic behavior, the spectral power density of the sig-
nals is analyzed.

It was found that both with a forming stroke frequency of
29 Hz as well as with impact excitation, characteristic oscil-
lations in the range of approximately 1.8-2.3 kHz occur in
the force signals of the sensory clamping device. The detail
view (Fig. 4, middle) of one forming stroke shows harmon-
ics, which can only be found in the clamping signal, but not

in the integrated transducer. With an oscillation frequency
of the tools of 2.5 Hz, no resonance of the clamping can be
found. For the purpose of in-process calibration, the swaging
frequency is reduced to 2—5 Hz as soon as the transducer is
fully integrated in the tube (during step IV in Fig. 2 and at
t = 40 s in Fig. 3).

After establishing the most suitable time and swaging
frequency for the calibration, six workpieces were produced
and in-process calibrated according to the process and the
part design in Fig. 2.

3.2 Data processing

To achieve an in-process calibration with acceptable meas-
urement uncertainty, the process interferences must first
be eliminated. The interferences mentioned in chapter two
are neither constant nor reproducible. Once forming starts,
the sinusoidal zero-point drift becomes greater due to the
bending of the tube by the oscillating dies and more uneven
due to the high forming torques that cause the workpiece to
slip. In accordance to the height of the forming torques, the
workpiece is allowed to slip off the clamping device due to
the comparatively low clamping torque. In this way, high
torsional stress in the tube can be avoided. Since neither the
amplitude nor the angular frequency of the sinusoidal zero-
point drift can be reproduced, as the deformation behav-
ior cannot be predicted exactly, it is necessary to develop
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suitable approaches for signal processing prior to calibra-
tion. The characteristic release state of the rotary swaging
process, which occurs after each stroke, is used to correct the
signals. The actual position of the zero-point in each signal
is determined and then shifted to the expected position.

Firstly, the lower envelope in each raw signal is deter-
mined. Secondly the lower envelope is filtered by using
a Gaussian smoothing filter to get a clear zero-point drift
curve. Finally, the raw signal is corrected with the deter-
mined zero-point drift curve. Figure 5 demonstrates this
procedure by correcting the sinusoidal zero-point drift.

Figure 5a, b show, that the initial signal has almost a
constant zero offset, as long as the clamping fixture does
not rotate (<2 s). Once the rotation starts (>2 s), small
sinusoidal zero shifts with relatively constant amplitude and
angular frequency occur (< 10 s). This drift is caused by
the gravitational force of the structure. When the deforma-
tion begins (at =10 s), the amplitude of the sinusoidal drift
becomes higher with non-uniform angular frequency, which
can be observed clearly in Fig. 5b. As soon as the signals
are corrected, a correct zero-point position can be observed
(Fig. 5c). Due to the unique positions of the release states
and the unidirectional loads, the zero-point drift caused by
the temperature drift and the sinusoidal shift can be elimi-
nated by this procedure. The force signals of the clamping
fixture Fyy cjamping_1@0d Fiy clamping 2 are then averaged to one
force signal in order to improve overall accuracy. The cali-
bration value is then determined as the slope of the linear
function determined by the regression of the point cloud
(Fig. 6).

To determine the achievable accuracy of the in-process
calibration, a recalibration according to the standard (ISO
376 [16]) was carried out for each of the six specimens on
a tensile testing machine (Zwick Roell 100) with a tensile
force of 12 kN. A comparison between the two types of the
calibration shows a good correlation (Fig. 6) (right).

4 Results

In Table 1, the results are depicted with a comparison to the
standardized calibration. For the in-process calibration, a
time of 2 s within the calibration period is considered. The
standard error is determined and used as an indicator for
the scatter of the calibration value. A large standard devia-
tion indicates a faulty sensory tube with a significant non-
linearity/hysteresis error, e.g. due to a badly applied strain
gauge or an insufficiently preloaded transducer.

The calibration values lie within a range of 36.02 kN/
(mV/V) to 38.79 kN/(mV/V). The highest deviation between
the in-process and the standardized calibration amounts only
to 1.56% for part 3. For both calibration methods, the stand-
ard deviation in relation to the nominal value is calculated
as well. Part number 6 represents an outlier, as a large devia-
tion in the standard deviation occurs. For this reason, no
calibration value is determined. A look at the raw signals
reveals clear deviations and a hysteresis during in-process
calibration as well as during the standardized calibration on
the testing machine (Fig. 7).
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zero-point drift

@ Springer



Production Engineering (2021) 15:79-87 85

033 212 12r
sensory clamping
—— sensorytube | 4 || feeeees in-process calibration
027 110 10+ —— standardized calibration
g =
>02 e gf
= > O
>
g £ 8
R S 8o
5 0.16 16 & ©6
© Q
Q =
3 S 5
o
> S g
@ 01F -4 g Q4
5 3
2]
0.05 2 2
a -J u L l‘ -_J o L_O g

0 0.2 04 06 08 1 12 14 16 1.8 2
time in s sensory tube in mvV/V

\ L L L 1
0.1 0.16 0.22 027 0.33

Fig. 6 Resulting axial force curve and point cloud of part 4 (left), resulting point cloud and comparison with standardized calibration (right)

Table 1 Results of the

. " . Part  In-process calibration Std dev./nom. Standardized calibra- Std dev./nom. Dev. in-process/
In-process ca 1brat10p comp ared value in kN/(mV/V) value in % tion value in kN/ value in % standardized in %
to a standardized calibration
(mV/V)
1 36.19 0.33 36.51 0.08 0.87
2 36.02 0.36 36.30 0.15 0.75
3 37.87 0.63 37.29 0.1 1.56
4 38.05 0.4 37.81 0.2 0.63
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This demonstrates the complementary possibility to
detect faulty sensors by analyzing the standard devia-
tion of the regression line. In this example, the preload |,
generated by the preceding joining process was too low.
As can be seen, a clear hysteresis occurs both during in-
process calibration and during standardized calibration.
All other specimens show a distinct linear behavior similar
to Fig. 6.

5 Conclusion

This paper presents a novel calibration method applicable to
sensory structures produced by incremental forming. Dur-
ing the manufacturing process, an axial force transducer is
integrated into a metallic structure using a rotary swaging
process. At the same time, the created sensory structure is
calibrated with the help of the occurring process forces,
which are measured by the created sensory structure and
the machine-side reference sensor. For this, a sensory clamp-
ing fixture is designed and optimized regarding its sensitiv-
ity. Then the swaging frequency of the machine is reduced
to avoid any resonance behavior in the clamping. Due to
the oscillating tool impacts during rotary swaging, the force
curves always have clear zero positions after each hammer
stroke. This allows suitable signal processing to eliminate
process-related side effects such as thermal drift or sinusoi-
dal zero-point drift due to bending moments.

A comparison with a subsequent standardized calibra-
tion on a tensile testing machine shows that the in-process
calibration leads to a deviation of max 1.5%. Consequently,
a measurement uncertainty for in-process calibrated sen-
sory structures of max. 2% can be assumed, which is in
accordance with stand-alone dynamic calibrations based on
periodic excitation. As a result, sensory structures can be
calibrated during manufacture without extending the process
chain by a subsequent calibration procedure. Faulty parts can
already be detected during the forming process by evaluating
the standard deviation of the calculated regression.

The work described reveals that the necessary effort
for the production of sensory structures can be drastically
reduced if downstream processes like calibration or quality
control are integrated into the manufacturing process itself.
Incremental forming processes appear to be particularly
suitable for this kind of integration, because their process-
inherent properties of multiple loading and unloading and
the low forming forces facilitate the use of process signals
to determine product properties. This utilization can only
be successful if the mechanical and thermal conditions and
behavior of the entire manufacturing system are thoroughly
taken into account.
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