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Abstract Processes of the new production technology

sheet-bulk metal forming allow a fast and efficient near-

net-shape forming of highly complex parts. Thus the need

of energy and raw material as well as the production cycle

time can be reduced. In order to guarantee these advantages

by avoiding scrap and moreover to ensure the parts’ geo-

metrical requirements, production-related metrological

solutions for an adapted inspection of parts and tools of

sheet-bulk forming processes have to be developed. To

fulfill the demands of the differing measuring tasks two

prototypical measurement solutions are under develop-

ment: a multi-scale multi-sensor fringe projection system

allows for holistic inspections in feature adapted resolu-

tions, whereas a fiberscopic fringe projection system cap-

tures the forming tool partly between forming steps. For the

purpose of evaluating the metrological solutions’ capabil-

ities of capturing the geometry of filigree structures a

comparison of both systems is presented in this work. To

guarantee realistic results, the performed measuring tasks

have to be comparable to the areas of applications both

systems were designed for. During the development of the

measuring systems the emphasis was put on the inspection

of small complex geometries. These are most challenging

for fast and reliable optical inspection under production-

related conditions. By considering measurements of cali-

brated standards on the one side as well as of measuring

tasks resulting out of real sheet-bulk metal forming pro-

cesses on the other side a realistic comparison is assured.

Next to the measuring systems’ performances also an

approach for combining the measurement data of both

metrological solutions is shown. By combining the

advantages of both measuring systems, highly detailed

information for further interpretations of the forming pro-

cesses can be provided.

Keywords Sheet-bulk metal forming � In-situ inspection �
Fringe projection

1 Introduction

Making production processes more efficient by saving

resources is one of the key tasks of modern and successful

companies in industrial countries. Increasing costs for

energy, material and wages require sustainable production

technologies, which guarantee a high production value

while minimizing the use of resources [23]. The continu-

ally increasing number of integrated functions in technical

systems together with the demand of a lightweight con-

struction as well as an efficient and sustainable production

lead nowadays production technologies to the very edge

[3]. In order to develop a new production technology,

capable to fulfill all the demands, a new forming technol-

ogy is researched within the scope of the Transregional

Collaborative Research Centre SFB/Transregio 73 [13].

The so called sheet-bulk metal forming (SBMF) combines

the advantages of sheet and bulk forming processes with

the aim to allow a fast and economical production of
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complex parts with a minimum of material and energy

effort [12]. In order to ensure the achieved advantages,

measurement systems, adapted on the specific challenges

of the sheet-bulk metal forming, are a crucial step in the

technology development [7]. By inspecting produced parts,

deviations can be detected fast and hence, control variables

for readjusting the forming process can be derived.

Detecting the forming tool wear in its early stage allows for

changing of the tool before defective parts are produced.

Thus with both inspection approaches scrap can be avoided

and thereby the effectiveness of sheet-bulk metal forming

can be improved further [11]. The usage of commercially

available measuring systems for production-related mea-

surement of formed parts and forming tools is not possible

due to the specific design of sheet-bulk metal forming

processes [16, 25]. The resulting challenges for measuring

technologies and the developed metrological solution for

adapted inspections are presented in this article. Therefore,

the paper identifies metrological tasks of the new class of

forming processes in the first section which ends with

characteristic challenges. In the second section developed

adapted metrological solutions are introduced, which are

evaluated by practical experiment in the following fourth

section. Before summarizing the findings in the last sec-

tion, the metrological solutions are compared in the fifth

section of the article. Based on existing research on the

sheet-bulk metal forming process and corresponding

adapted measuring systems, this work presents a collabo-

ration of both fields of research. For the first time corre-

sponding measurements of part and tool of an exemplary

sheet-bulk metal forming process are combined and eval-

uated together.

2 Metrological tasks in sheet-bulk metal forming
processes

2.1 Tools and experimental results of a new SBMF

process

In order to produce a solid metal part out of a flat sheet, the

new multistage SBMF process has been developed. The

target part of this process is a functional component in the

form of a gear with internal and external toothing which

has been produced by a combination of several forming

technologies. Both toothings have an involute gear profile.

The complete process sequence of the new SBMF process

consists of three forming stages, which include a total of

six forming operations. The first forming stage consists of a

deep drawing process without blank holder, a cutting pro-

cess as well as an upsetting process. In the second stage the

flange-forming and wall ironing are performed. The third

stage of the new SBMF process is used for the calibration

of the internal and external toothing [1]. The active tool

elements of the individual stages were integrated in a

modular tool system [2]. This modular tool system with its

active tool elements for the second forming stage is

depicted in Fig. 1b.

In comparison to conventional sheet metal forming

tools, the tools for the new multistage SBMF process were

designed to resist high contact normal stress during the

bulk metal forming operations. Unlike the conventional

bulk metal forming processes, a semi-finished part for the

new SBMF process is made of sheet metal [8]. Further-

more, the tools should enable performing the upstream

sheet metal forming operations.

The modular tool system of the new multistage SBMF

process enables the combination of sheet and bulk metal

forming operations in one forming stage. By appropriate

arrangement of the active tool elements of the first forming

stage, two- and three-dimensional material flow has been

achieved during only one stroke of the hydraulic press. At

the beginning of the forming process a semi-finished sheet

plate, as shown in Fig. 2, is centred on the die. In the next

step, the sheet plate is deep drawn. Simultaneous to the

deep drawing step, a hole is cut by the cutting punch in the

centre of the cup bottom. The last forming operation of the

first stage is upsetting. Thereby the upsetting punch com-

presses the cup wall and the workpiece material flows

upward and laterally in the tooth cavity of the die and the

external toothing is formed. The second stage of the new

(a)

(b)

Fig. 1 a Active tool elements of forming stage 1 and 2. b Modular

tool system for the new SBMF process with active tool elements for

the stage 2
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SBMF process combines sheet and bulk metal forming

operations such as flange-forming and wall ironing. In

order to enable these operations, the tool active elements

were adjusted, as shown in Fig. 1a. After upsetting, the

semi-finished part is placed on the die insert. The blank

holder goes up, keeps the part and thus prevents the

bending of the external toothing during the flange-forming

and wall ironing. In the next step, the flange-forming punch

moves through the pre-cut hole and forms the flange in the

cup bottom. Due to the fact that the die clearance between

the inner diameter of the die insert and the diameter of the

flange-forming punch is less than the sheet thickness, wall

ironing is realised. During the wall ironing the material

flows into the tooth cavities of the flange-forming punch

and the internal toothing begins to form. The intermediate

experimental results of the first forming stage are shown in

Fig. 2. A deep drawing steel DC04 with an initial sheet

thickness of 2 mm was used as workpiece material. A

detailed inspection of the upset external toothing has

shown that all of the teeth are not completely filled in the

external bottom area. The target geometry of the external

toothing is depicted in Fig. 2. Possible reasons for this

effect could be insufficient forming force at the end of the

upsetting operation or imprecise manufacturing of the tooth

cavity in the die. In order to detect the cause of the faulty

mold filling, the optical geometry measurement of the

external toothing and the tooth cavity of the die can be

conducted followed by comparisons of the measurement

results. None measurement deviations between the tooth

cavity of the die and the external toothing of the part

indicate an inaccurate manufacturing of the tooth cavity in

the die. Furthermore the mold filling of the teeth in the

tooth base and tooth flank area can be measured and

investigated by a multi-scale multi-sensor measuring

system.

The experimental results of stage 2, depicted in Fig. 3,

demonstrate that after the combined forming operations,

flange-forming and wall ironing, the internal toothing is not

completely formed. In this case, the optical geometry

measurement of internal toothing and of the tooth cavity on

the flange-forming punch provides a statement of actual

mold filling.

After the flange forming and wall ironing, the mold

filling of the internal toothing cannot be achieved. For this

reason, the calibration of the internal toothing will be

conducted subsequently in the third forming stage. Fur-

thermore, in order to increase the dimensional accuracy of

the internal and external toothing during the complete

process sequence, dynamic forces in the form of oscilla-

tions will be fed into the force flux of the forming machine

by a hydraulic oscillation system [22].

2.2 Coining gearing elements by means of SBMF

in asymmetric parts

The accurate production of asymmetric parts by means of

forming technology is a challenging task due to the exis-

tence of horizontal process forces and therewith occurring

ram displacement [4, 17, 27]. For investigations of the

process-machine interaction while forming asymmetric

parts, a tool combining deep drawing and coining gearing

elements by means of SBMF was realized [17]. Figure 4a

depicts the tool. It is to be utilised with DC04 sheet metal

blanks of 100 mm diameter and a thickness of 3 mm. The

tool features three carrier elements at the exterior and

gearing elements at the bottom side. Since the gearing

elements are rotated by 30� to the bolster plate, horizontal

process forces occur while coining in bottom dead center

(BDC). Horizontal process forces lead to ram tilt and

horizontal ram displacement as described in [17, 18], and

have a negative impact on the part quality as presented in

Sect. 4.4. To eliminate the negative influence of the ram

tilt, in the context of the research project a new press was

Fig. 2 Experimental results of forming stage 1

Fig. 3 Experimental results of forming stage 2
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acquired, which has a ram driven by two mechanically

decoupled servomotors [19]. By this technique the press is

enabled to control the parallelism of the ram in reference to

the bolster plate actively. Anyhow, the horizontal ram

displacement can’t be avoided by this technique. To probe

the press’ tilt compensation and measure the remaining

horizontal ram displacement due to horizontal loads, a test

part as depicted in Fig. 4b was produced.

The blank is of 50 mm x 40 mm x 3 mm size instead of

100 mm diameter to omit the deep drawing process and just

coin the gearing elements. Ram tilt and horizontal dis-

placement were captured by a GOM PONTOS camera-

system while performing a stroke of 100 mm. Figure 5

depicts the results. At BDC the measured forming force is

about 750 kN. Whereas the ram tilt doesn’t rise at the BDC,

the horizontal displacement increases up to 0.35 mm while

coining the gearing elements. A ram displacement of such

a dimension has a negative impact on the gearing elements.

As a result, complete mold filling of the gearing elements

cannot be achieved as proved by means of measurements

presented in Sect. 4.4.

For further investigations of the impact of varying hor-

izontal loads in processing asymmetric parts, a new tool

and a system to avoid horizontal ram displacement are

under construction. By means of an electromagnetic sys-

tem, electromagnetic forces can be applied to the ram of a

press (see Fig. 6). The use of an electromagnetic system to

avoid horizontal ram displacement by means of opposing

electromagnetic forces was presented in [17] first, design

and optimisation of the electromagnetic system in [6].

The new tool (illustrated in Fig. 6) has a rotatable punch

in order to apply varying horizontal loads and to exploit the

potential of the electromagnetic system. With the new tool,

the potential of the electromagnetic system and its positive

impact on part quality can be probed.

2.3 Challenges

The challenges sheet-bulk metal forming imposes for

measuring systems and metrological inspection solutions

can be divided into three main parts. Firstly, a main chal-

lenge is the short inspection cycle time. Sheet-bulk metal

forming has the ability to form complex parts in a short

cycle time in the range of one second and a proportionally

high output rate, which is a great economic advantage.

Therefore the inspection of parts and tools needs to be fast,

as interruptions of the process impair productivity. For that

reason, tactile as well as volume scanning measuring

technologies are withdrawn. Both measuring systems of

both types are not fast enough for a production-related

inspection for a forming technology like SBMF. In con-

trast, optical measuring technologies are established for

fast inspections in production-related environments [20].

Secondly one of the characteristic advantages of sheet-bulk

metal forming processes is the possibility of combining

features of different scale and size in one part. This can be

seen on the demonstrator workpiece, shown in Fig. 7,
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which depicts possible geometries and features of the new

forming technology. A holistic and fast inspection of such a

complex part with all filigree small but also all larger

features or the corresponding forming tool requires adapted

metrological solutions. In order to guarantee smooth and

even motion of a gear pairing a certain tooth thickness

tolerance depending on the diameter of the gearing wheel is

to be kept. In case of the demonstrator workpiece with 80

mm diameter a tooth thickness tolerance of 60 lm is rec-

ommended (TB21-8 [26]). One crucial aspect is the feature

adapted resolution, explained by the ‘‘golden rule of

metrology’’ [3]. Georg Berndt set up a rule for selecting

appropriate measuring systems in 1968 by considering the

systems’ measurement uncertainties. The ‘‘golden rule’’

recommends, that the measurement uncertainty should be

less than a fifth, better less than a tenth, of a feature’s

tolerance width. If this minimum requirement could be

met, it is assured that the measurement results are accurate

enough. When taking the large spread of the feature sizes

shown in Fig. 7 into account, a holistic inspection by using

a commercially available optical measuring system can be

excluded with a required measurement uncertainty of at

least 12 lm for the smaller elements.

Besides the challenging geometrical side, there are also

challenging surface properties. Due to varying local

forming forces, the surface roughness and in consequence

also the optical properties are inhomogeneous. The

resulting optical properties reach from dull and non-direct

reflections to shiny and direct reflections. A detailed

analysis of these, especially for optical measuring

technologies challenging effect, has been already published

in [9]. A third main challenging factor is the production-

related environment and the thereby linked conditions,

under which the inspection should take place.

In addition to the aforementioned process specific

challenges, the conditions in the forming process need to

be considered for the design of the measurement systems.

These include specifically variable environment and tool

temperatures, vibrations and strong electromagnetic fields,

which may interfere with the measurements.

3 Adapted metrological solutions

In order to achieve full quality control of the sheet-bulk

metal forming process, two different inspection systems

based on the fringe projection technique are in develop-

ment. The first section covers the inspection system for in-

situ inspection of the tool inside the forming press, while

the second section covers the multiscale inspection system

for measuring workpieces to allow a better adaption to each

measuring object.

3.1 Fiberscopic fringe projection

As presented in Sect. 2, continuous tool inspection is

required for the sheet-bulk metal forming process. Espe-

cially gearing elements are expected to be exposed to

increased wear due to the high forming forces. In order to

meet this demand as well as to maintain a high manufac-

turing output, in-situ inspections of the forming tool are

desired. Available commercial measurement systems fail to

fulfill this requirement due to space limitations in the press.

The forming machine used for producing gearings with

superimposed oscillations, which is described in Sect. 2.1,

has a limited height of about 150 mm available for the

inspection device, while a distance of about 600 mm needs

to be bridged in order to reach the forming tool in the

center of the machine. Therefore, a new endoscopic fringe

projection system has been developed, which uses flexible

image fibers to guide the emitter and detector images for

fringe projection profilometry from the base unit to the

compact sensor head [15]. The setup of the fiber-endo-

scopic inspection system, consisting of the measurement

device and a positioning device, can be seen in Fig. 8. The

positioning device consists of a horizontal and a vertical

linear stage and a rotation stage, which is attached to an

extended arm. This setup allows to modify the sensor head

position inside the press to enable flexible adjustment to

different inspection tasks. Axis motion, as well as the

measurement procedure, is initiated consecutively by a

hardware trigger signal from the host computer. Each axis

controller performs the motion towards the tool geometry
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using a trapezoidal velocity profile with feed-forward PID

position control. Compact gradient-index (GRIN) lenses

are used in the sensor head, leading to a total height for the

extended arm and sensor head of 130 mm. Depending of

the task at hand, GRIN lenses with working distances of 10

mm or 20 mm can be used, resulting in measuring volumes

of about 5 mm x 5 mm x 2.5 mm with a lateral resolution of

about 20 lm or 10 mm x 10 mm x 4 mm with a lateral

resolution of about 40 lm. A laser light source is employed

in the pattern generator to enable measurement durations of

less than 3 s.

As no electric parts, such as cameras, are positioned inside

the machine, the fiberscopic system is resistant against

electromagnetic interference. Also the maximum tolerable

temperature for the image fibers is 150 �C compared to

approximately 50 �C for typical industrial cameras.

A complex calibration algorithm has been developed in

order to reduce systematic influences due to lens distortions

[10]. To enable a robust identification of the model

parameters, a large number of calibration points with a

distance of less than 125 lm in every dimension is cap-

tured. The model approach for the camera is based in the

pinhole model, while the projector uses polynomial

approximations of the phase-depth relation, due to its non-

rotationally symmetric optical distortions. As a result of the

calibration, metric data can be obtained from the captured

phase-maps. Additionally, the transformation from the

coordinate systems of the linear and rotationary stages to

the sensor coordinate system is estimated. This helps to

achieve wide measurement areas in order to cover as much

tool surface as possible in single measurements. In com-

bination with the positioning system, the calibration also

enables the automatic merging of subsequent measure-

ments to capture larger geometries on the measuring object

by using the calibrated transformation matrices. Fine

adjustment of the merged point clouds may be calculated

with the iterative closest point algorithm.

3.2 Multi-sensor fringe projection

The demands of a holistic inspection of formed parts can be

met best by a multi-scale multi-sensor approach. Thereby

each feature is measured by a sensor with a feature adapted

measurement range, resolution and uncertainty. The

resulting several datasets are combined together, which

leads to a holistic dataset of different scales [21]. The

inspection principle is shown in Fig. 9 by using an exem-

plary gearing. The highly reflective areas of the gearing

cannot be measured properly by using only the overview

sensor. Gaps and lack of measuring points are the result. In

addition to this, the accuracy of the sensor would not be

good enough to measure all parameters of the gearing even

if all areas could be detected. Therefore the marked area of

the measuring object is measured and detailed by both

detail sensors. For a comprehensible explanation, the

detailing is shown only on one part of the gearing. The

Image fibresSensor head Base unit

Fig. 8 Fiberscopic fringe projection system for in-situ tool inspection

Measuring object Dataset of overview sensor

Highly reflec-
tive areas lead 
to missing 
datapoints and 
gaps

Detailed multi-scale multi-sensor dataset

Detail sensor 1 Detail sensor 2

Fig. 9 Multi-scale-principle
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tooth tips are measured with the detail sensor 1 whereas the

geometrical properties of the smaller tooth root require the

more accurate detail sensor 2. By combining all datasets, a

holistic and feature adapted multi-scale multi-sensor data-

set emerges.

For the realization of the multi-scale multi-sensor

approach a prototypical measuring system, shown in

Fig. 10 was worked out, consisting of three different types

of commercially available fringe projection sensors. Each

type has a differing measurement range and thus also

different resolutions. A GOM ATOS Compact Scan 2M

fringe projection sensor (measurement range: 115 mm x 88

mm x 92 mm; mean point spacing: 21 lm) is used as an

overview sensor. This type of sensor has a measurement

range of approximately the size of the measuring objects

and can provide a rough data framework of the measuring

object as well as measurements of large features at once.

Where the resolution of the overview sensor is not accurate

enough, the dataset can be detailed by using two different

additional types of fringe projection sensors. Each sensor

captures only one feature or only a part of a feature, but in a

resolution, which is adapted to the feature’s size and tol-

erance. In the prototypical measuring system, according to

the measuring task and setup, up to eight GFM MicroCAD

1.0 lm (measurement range: 13 mm x 10 mm x 3 mm;

lateral resolution: 17 lm; vertical resolution: 1.0 lm) as

well as up to four GFM MicroCAD 0.3 lm (measurement

range: 4 mm x 3 mm x 1 mm; lateral resolution: 2.5 lm;

vertical resolution: 0.3 lm) can be used as detail sensors.

For the exemplary measuring setup shown in Fig. 10 only

three GFM MicroCAD 1.0 lm and two GFM MicroCAD

0.3 lm were installed. A calibration procedure, developed

for the multi-scale multi-sensor measuring systems, allows

determination of the necessary transformation in order to

combine each dataset.

In order to provide a reliable setup in a production-

related environment, the detail sensors are installed in a

robust and damped frame, which allows an arrangement

around the part. Two linear stages move the part in x- and

y-direction, whereas a rotation stage enables a rotation

around the z-direction. Due to the required measuring

distance, the overview sensor is not mounted fix in the

frame. All sensors are exchangeable and the setup is

expandable.

4 Inspection of sheet-bulk metal forming tools
and workpieces

4.1 Assessment of the measuring performance

with a calibrated standard

In order to evaluate the performance of the different

measurement systems in terms of measurement accuracy,

features on a calibrated micro-contour standard by Alicona,

which has been developed in cooperation with the PTB

[14], are measured. The features, which can be seen in

FrameMounting for overview sensor

Linear stages Rotation stage

Measuring
object

Overview sensor Detail sensor 1

Detail sensor 2

Fig. 10 Multi-scale-system Fig. 11 Features on the micro-contour standard
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Fig. 11, are calibrated with an uncertainty of 0.7 lm. The

evaluation allows to give a quantitative assessment of the

capability of the sensors to detect slow growing wear on

the tool or deviations on the product. As the sensors to be

evaluated measure in different scales, the 1 mm radius and

1 mm step features have been selected as the largest ele-

ments on the standard. This ensures capturing enough data

points on each element to achieve meaningful results. In

addition, each measurement has been repeated for 25 times

to ensure the repeatability of the measurements. It needs to

be noted, that no repositioning of the standard has been

performed in between measurements. As the measuring

performance of fringe projection systems is dependent on

the measuring angle [24], the sensors have been positioned

approximately perpendicular to the standard’s surface for

optimal results.

The evaluation of the features’ sizes was done with

Polyworks IMInspect V14 (Duwe-3d AG, Lindau, Ger-

many). In the first evaluation step, for evaluating the actual

radii sizes, only measurement data points of the cylinder’s

surface were used. Therefore all outer data points were cut

out. In the remaining points of each dataset a cylinder

feature was fitted by using the IMInspects best-fit-algo-

rithm, which contains also a filtering step by omitting five

percent of the data points with the largest deviations to the

calculated cylinder feature. This type of evaluation allows

an estimation of the systematic errors in the measurement.

In the second evaluation step, for determining of the

measuring points’ standard deviations, a cylinder of the

calibrated size of 1.0015mm was fitted into the data points.

The approach for the evaluation of step heights was simi-

lar. In order to gather only vertical distances between the

step height’s base and the step area itself, the fitted plains

of base and step had to be parallel. Again the IMInspect’s

best-fit-algorithm and the related filtering of five percent of

the data points were used. For determining the standard

deviation only data points of the step area were considered.

The standard deviation allows to assess the measurement

noise present in the datasets.

The results of the feature estimation are shown in

Table 1 for the radius feature and in Table 2 for the step

feature. It can be seen that ATOS Compact Scan 2M sen-

sor, which is used for large scale geometry acquisition, has

the lowest accuracy for both features with a deviation

above 100 lm for the radius element. Both MicroCAD

sensors exhibit a low systematic error of less than 5 lm for

the radius and step feature. For the estimation of the radius

and step feature parameters, the endoscopic system

achieves results comparable to the MicroCAD systems,

however the standard deviation is slightly higher.

As the ATOS Scan 2M system is used only as an

overview sensor, the point count is relatively low for the

evaluated features. This leads to high deviations in the

results. However, these deviations are not significant,

because the multi-scale system is capable of combining the

large-scale measurement with the higher-resolution mea-

surements of the MicroCAD sensors. The results of the

endoscopic fringe projection system prove, that the cali-

bration algorithm is capable of describing lens distortion

and fiber grid effects accurately. Compared to the Micro-

CAD systems, the measurement noise in the point clouds is

higher, which is due to the speckle arising from the laser

illumination used.

While the geometry of the features on the standard are

not identical to the geometry of the gearing elements on the

micro-contour standard, the systematic and stochastic

deviations estimated for the standards features are lower

than the uncertainty requirement of 12 lm derived from the

Table 1 Evaluation of the radius feature (mean over 25 measurements)

MicroCAD 1.0 MicroCAD 0.3 ATOS Compact Scan 2M Fiberscopic system

Point count 4,819 28,275 368 21,704

Standard deviation (point-reference) (lm) 3 2 29 6

Mean deviation (fitted radius) (lm) 5 3 -101 5

Not measurable 0 0 0 0

Table 2 Evaluation of the step feature (mean over 25 measurements)

MicroCAD 1.0 MicroCAD 0.3 ATOS Compact Scan 2M Fiberscopic system

Point count 2,221 N/A 152 11,708

Standard deviation (point-reference) (lm) 3 N/A 12 10

Mean deviation (fitted step) (lm) 2 N/A -6 2

Not measurable 0 25 3 0
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tolerances described in Sect. 2.3. Thus, it is expected that

the adapted inspection systems are capable of measuring

the gearing elements with the required uncertainty.

4.2 Inspection of an exemplary workpiece

For measuring the gear, the overview sensor was used to

detect the rough shape. By adjusting the measuring ranges

of the detail sensors on the teeth and the upper side of the

gear, a detailing of the dataset was possible. Moreover gaps

and lack of measuring points in the teeth area as well as

measuring error due to optical effects in the area of the

circular radius on the upper side could be removed by the

more accurate detail sensors. The resulting multi-scale

multi-sensor dataset was used for a comparison with the

ideal forming tool in order to detect form filling deviations.

Section 2.1 describes the manufactured parts of the new

multistage SBMF process. The detailed inspection of these

parts has demonstrated that the external toothing is not

completely filled. In order to investigate the geometry of

internal toothing more precisely, the multi-scale multi-

sensor measuring system was used. Figure 12 shows the

measurement area on the part and the comparison between

the measurement results and the 3-D-CAD model of the

die. The represented geometrical deviation of the target

geometry is partial 0.5 mm. Such deviations indicate an

inaccurate manufacturing of the tooth cavity in the die.

Furthermore, the measurement results illustrate a good

mold filling in the high stressed areas such as tooth bases

and tooth flank of the external toothing.

4.3 Inspection of an exemplary tool

Measurements of the tool’s gearing elements (see Fig. 4)

were made by means of the fiberscopic fringe projection

system (see Sect. 3.1). The tool is made of hardened 1.2379

steel, which has a highly reflecting surface. Despite this,
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valid datasets could be obtained without the need of mat-

ting materials. Figure 13 depicts two single measurements

of 4 mm x 4 mm size fitted to the CAD model. There is a

maximum lateral deviation between model and measure-

ment of 0.08 mm recognisable. The deviation might be

caused by manufacturing defects of the tool or wear in

form of lateral build-up by welding due to high loads on the

tool while coining the gearing elements.

4.4 Comparison of tool and part impacted

by horizontal ram displacement

The amount of mold filling is a significant indicator for the

part quality. To determine the mold filling measurements

of the tool and the part depicted in Fig. 4 were conducted.

The part’s gearing elements were measured by means of

the multi-sensor fringe projection system (see Fig. 9). The

tool was measured by the fiberscopic fringe projection

system (see Sect. 4.3). The datasets of both systems were

fitted to each other for an exemplary dimensional check of

a part. Figure 14 depicts the fitted datasets. The tooth base

was used as a reference for fitting, since the contact of tool

and sheet metal is the highest while coining the gearing

elements.

Between the tooth tips of the part and the tool a dif-

ference of about 0.6 mm can be stated. The insufficient

mold filling is a result of the horizontal ram displacement

while coining the gearing elements [17]. By realizing the

electromagnetic system as described in Sect. 2.2, the

amount of mold filling will be raised in future.

5 Conclusion and outlook

In this article the new sheet-bulk forming technology was

introduced and its capabilities for the production of highly

complex parts demonstrated. Its challenges, especially for

metrological inspections of parts and tools, were presented.

Based on these challenges, two adapted measuring systems,

both using the principle of fringe projection technology,

were developed. Whereas the fiberscopic fringe projection

system is designed for fast measurements of small

geometries on forming tools in homogeneous precision, the

multi-scale multi-sensor fringe projection system is opti-

mized for gathering a holistic dataset of formed parts in a

resolution adapted to certain features. By measuring a

radius and step height feature of a calibrated micro-contour

standard the systems’ performances could be evaluated and

the precision as well as spreads of data points could be

estimated roughly. The qualification of both measuring

systems for their specific measuring tasks could be proven

by performing different measurements of parts and tool of

the current state of SBMF-processes’ developments.

The next development step of the measurement solu-

tions is the integration in a running process chain. Then the

in-situ measurement of the forming tool and a production-

related measurement of parts can be further optimized and

a time optimized evaluation of the deviations of the pro-

cesses can be researched. For this next step a process chain

has to be defined and established, which could for example

be a combination of the individual forming steps demon-

strated in this work. Furthermore a more detailed com-

parison of both measuring systems could be provided by

determining their measurement uncertainties considering

the GUM-standard [5].
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10. Matthias S, Kästner M, Reithmeier E (2015) Evaluation of system

models for an endoscopic fringe projection system. Measurement

73:239–246

60 Prod. Eng. Res. Devel. (2016) 10:51–61

123

https://www.tr-73.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


11. Merklein M, Allwood JM, Behrens BA, Brosius A, Hagenah H,

Kuzman K, Ki M, Tekkaya AE, Weckenmann A (2012) Bulk

forming of sheet metal. Ann CIRP 61:725–745

12. Merklein M, Gröbel D, Löffler M, Schneider T, Hildenbrand P

(2015) Sheet-bulk metal forming of functional components from

sheet metals. In: Qin Y, Dean TA, Lin J, Yuan SJ, Vollertsen F

(eds) Proceedings of the 4th international conference on new

forming technology, pp 01,001 1–12. MATEC Web of

conferences

13. Merklein M, Schneider T, Gröbel D, Nürnberger F (2014)

Blechmassivumformung vom halbzeug zumfunktionsbauteil. In:

Behrens BA (eds) 21. Umformtechnisches Kolloquium Han-

nover, Industrie und Wissenschaft - Gemeinsam die Zukunft

gestalten, pp 265–280

14. Neuschaefer-Rube U, Neugebauer M, Dziomba T, Danzebrink

HU, Koenders L, Bosse H (2011) Neuere Entwicklungen von

Normalen für die 3D-Mikro-und Nanometrologie. Technisches

Messen Plattform für Methoden, Systeme und Anwendungen der

Messtechnik 78(3):118–126

15. Ohrt C (2013) Development of a measuring endoscope for the in-

line quality control of filigree form elements in forming pro-

duction lines. Ph.D. thesis, Leibniz Universität, Hannover
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