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14 1. Introduction

15 1.1. Background and motivation

16 The manufacturing sector undergoesQ3 drastic changes in the
17 global scale due to the advent of a new industrial revolution, the
18 so-called fourth industrial revolution or Industry 4.0 [170]. A key
19 feature of this revolution is the increasing interaction of human
20 beings, production machines and products. As a consequence,
21 conventional mass production is changing gradually towards
22 manufacturing systems for mass customization, with higher
23 flexibility and on-demand manufacturing, which brings about
24 new technological challenges. Such a new industrial wave
25 demands connectivity, automation and intelligent systems, in
26 mass customization and on-demand manufacturing in addition to
27 mass production as summarized in Fig. 1 [184].Q4
28 The mentioned connectivity and intelligentization enable
29 realization of automated manufacturing of products and related
30 automated services. The pursuit of these three factors would finally
31 lead to super-connection and super-intelligentization of human
32 beings, things and space, and ultimately resulting in systemic
33 innovation of industry and society.

34While flexibility is inherent to manufacturing processes such as
35machining and welding, die-based manufacturing processes such
36as metal forming and casting are increasingly challenged to meet
37the demands on flexibility.

A working group study on mega-trends and the future of
38metal forming [127] in 2012 revealed the importance of
39flexibility. Theresults of the study were summarized as shown
40in Fig. 2. Various areas, including flexibilitization, intelligent
41processes, complexity of shape and integration of functions, all
42of which demand for flexibility of forming either directly or
43indirectly. 3D printing of metals was included as a separate
44category, though not having been included in traditional
45forming, but it becomes a very powerful means of highly
46flexible manufacturing for producing metallic parts and dies
47with reasonable productivity for some industrial manufacturing
48sectors.

Flexibility of metal forming has become an important issue in
49recent manufacturing demands and plays an essential role in
50customized mass and individualized production in the
51manufacturing industry. As flexible sheet metal forming, single
52point incremental forming has been widely employed and subject
53to extensive research [61,73]. The introduction of double point
54(sided) incremental forming had enhanced the formability and
55extended the range of shape complexity [125,199]. The combina-
56tion of incremental forming and conventional sheet forming
57processes further extended the capability of incremental forming
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58 with additional advantages including increased productivity
59 [13]. Incremental bulk metal forming has a long history since
60 the Bronze age. Since then, incremental bulk forming has been
61 developed by employing various forming processes including
62 forging typically and many incremental forming processes using
63 rotating tools such as flow forming, rotary swaging, orbital
64 forming, gear rolling, pierce rolling and ring rolling, etc.
65 [52]. Various flexible forming processes for both sheet and bulk
66 can be found in Japan and they are well summarized in Ref. [8].

Incremental forming issurely the key flexible forming process and
67 has been diversified for manufacturing various metallic products.
68 However, flexibility in forming has been pursued from diverse
69 viewpoints in terms of complexity, material, process, working
70 environment and machine, etc. In this work, flexibility is newly
71 viewed and subjected to review fromvarious angles of perspective in
72 order to provide new prospects of flexibility in metal forming.

73 1.2. Classification of flexibility in metal forming

There are many ways to classify forming processes, as well
74 summarized in the reference by Groche et al. [52]. In the
75 reference, traditional classifications for conventional forming
76 processes are discussed in detail. For incremental bulk forming,
77 the authors introduced new simplified criteria: stress system and
78 deformation sequence (i.e. intermittent, continuous). In addition
79 to several conventional classifications, they also introduced the
80 initial workpiece shape to distinguish between incremental bulk
81 metal forming processes with rotational tool motion. That is:
82 Billet (brick shape or plug shape), Long product (bars or rods) and
83 Rings.

For general incremental forming processes covering both
84 sheet and bulk forming processes, a more appropriate criterion is
85 required.

86Halevi and Weill [62] proposed an interesting systematic
87classification procedure for selecting an appropriate metal forming
88process according to technical feasibility and economic optimiza-
89tion considerations. The method can also be applied to general
90incremental forming processes. The proposed process selection
91procedure takes into account:

921) 93Lot size (product quantity).
942) 95Part shape (complexity).
963) 97Achievable accuracy.
984) 99Material.

In this process selection methodology four basic shape
100complexity levels are distinguished in an effort to discretize
101geometrical capabilities. These levels correspond to parts that can
102be specified by a characteristic cross section and length (mono),
103parts that can be made with a simple die set with mono-
104directional kinematics (open), parts with undercuts (complex)
105and other geometries, typically containing enclosed volumes
106(very complex).

The technical and economic feasibility of a process to support the
107manufacture of small lot sizes on the one hand and more complex
108shapes onthe other, appearsto bea useful categorizationapproach to
109distinguish the flexi
110bility of forming processes. As in conventional classification
111methods, part shaping capability isstill the most important criterion.
112Lot size is a criterion that is strongly related to the need for dedicated
113tooling and set-up costs for a specific part geometry, and reflects the
114process capability to use generic tooling and flexible set-up
115techniques: processes that are facilitated by tools which can
116accommodate a broad range of geometrical part specifications are
117thus requiring low direct investment costs and setup times between
118batches of diverse products. The achievable accuracy and material
119constraints are reject criteria reflecting technological process
120capability considerations.
121Halevi and Weill [62] refined the preference rules for the full
122taxonomy of manufacturing processes, including forming process-
123es, based on process capabilities to shape products as well as
124quantity considerations.

Fig. 3 shows the flexibility level with respect to geometric
125complexity and economically feasible batch size that can be
126derived from the approach described by Halevi and Weill [62].

Differently from the categorization for selecting general
127basic forming process(es), classification of flexibility in forming
128depends rather on the way in which the material is formed, how
129some physical parameters are varied and how processes are
130operated in terms of process, machine, system and operation
131software. In addition to shape complexity and lot size,
132therefore, degree of freedom and variation of physical param-
133eters can be added as major factors to influence flexibility as
134summarized in Fig. 4. That is, major influencing factors on
135flexibility in forming are;

1361) 137Lot size.
1382) 139Shape complexity.

Fig. 1. Three key factors pursued in industry 4.0.

Fig. 2. Mega-trends and future of metal forming [127].

Fig. 3. Flexibility level with respect to lot size and shape complexity.
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140 3)141 Degree of freedom in tool movement and machines.
142 4)143 Physical variation of parameters.

144 Flexibility is accordingly defined as extension of possibilities to
145 widen formable product categories to meet diverse demands in lot
146 size, product shape complexity, and physical requirements of the
147 product by enhancing the capabilities of forming processes,
148 machines and forming system.
149 The flexibility level can then be increased by any of the
150 following practical means as categorized by

151 1)152 Increasing the degree of freedom by using non-dedicated tools
153 and by varying forming path.
154 2)155 Varying the physical parameters such as geometry, material,
156 temperature, etc. in incremental forming.
157 3)158 Combining forming processes or combining a conventional
159 forming process with a flexible forming process, or by
160 combining a forming process with a non-forming process such
161 as casting, etc.
162 4)163 Flexibilizing the operation of machine, structure, system and
164 operation software, etc.

165 In Table 1, the above means of flexibility increase are
166 summarized with respect to four major influencing factors.

1672. Flexibility by increasing the degree of freedom without using
168devoted tools and by varying forming path

1692.1. Incremental sheet and profile forming

1702.1.1. Incremental sheet forming by pointed tool(s) movement
171Incremental Sheet Forming (ISF) is an emerging sheet metal
172forming process which offers flexibility by eliminating the need for
173the geometric-specific forming dies [36,46]. The incremental
174forming processes can meet stringent demands in the sheet
175forming industry related to rapid and customized part realization
176coupled with rigorous requirements on geometric accuracy and
177material properties, etc., which made the traditional forming
178process expensive. In IF, one or multiple generic stylus-type tools
179move along a predefined tool path, incrementally deforming the
180sheet metal, as shown in Fig. 5.

The final geometry is formed by the accumulation of these
181sequential, localized plastic deformations. In industrial applica-
182tions characterized by highly differentiated and small batch
183production, the avoidance of dedicated traditional stamping
184system reduces the forming time and cost [73,124]. In spite of the
185potential of the process for value-added manufacturing, there are
186challenges associated with manufactured part performance that
187significantly impede the adoption of IF for industrial applications
188[6], which are mainly geometric accuracy, formability prediction,
189fatigue behaviour [209], and forming time [120,121,126].
190The formability of the formed material also plays a key role in
191the part performance of IF [19,38,114]. For instance, unlike the
192typical sheet stamping process, the plastic deformation zone is
193usually localized around the forming tool in IF. The limited material
194flow causes non-uniform thickness distribution of the formed part
195or even the part failure due to the excessive thinning. To distribute
196the sheet thickness more uniformly and increase the maximum
197achievable wall angle, some intermediate passes are required
198before the final pass is imposed. For example, Skjødt et al. [185] and
199Duflou et al. [34,35] utilized five passes to achieve a high wall angle
200as 90�. Davarpanah et al. [32] further improved the multipass
201strategy by taking into account the possible rigid body motion to
202avoid the stepped feature as reported in Refs. [33,185].

Despite of the achieved high wall angle, these open-loop
203multipass planning strategies usually require much longer
204forming time compared to the single pass ones, and they are
205also mostly empirical based which makes them hard to be
206generalized. Subsequently, the force signal was proposed as an
207indicator for possible fracture to achieve an online fracture
208monitoring and control in 2006 [39]. The change of the forming
209force is monitored during the forming process. It was noted the
210force behaviour after reaching the peak value is an effective index
211for the potential of excessive thinning. If the force slope is too

Table 1
Means of flexibility level increase in relation to four major influencing factors (H =
high, M = medium, L = low).

Lot size
(Productivity)

Complexity DOF
(Tool, M/C,
motion)

Physical
parameter

DOF increase
-Incr. sheet forming L, M M, H M, H –

-Incr. bulk forming L L, M M –

Physical variation
-Geometric variation H L L

p
-Material disposition L H H

p
-Local (Incr.) heating L, M, H M, H L

p

Process combination
-Convent. + convent. H M, H L –

-Flexible + convent. L, M M, H L, M –

-Forming + non-form. H M, H L –

Flexibilzation of M/C,
system, software
operation

H M, H H –

Fig. 5. Basic elements of sheet metal incremental forming [36].

Fig. 4. Major factors influencing flexibility.
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212 steep, a fracture is likely to happen, and the process parameters
213 need to be changed on line, like adapting a smaller incremental
214 depth. However, since the force oscillation is often observed in
215 the forming process, this proposed method requires an accurate
216 numerical model for force prediction, especially for irregular
217 shapes, and therefore, may limit the approach to axisymmetric
218 part, like a cone, in practical applications.
219 Besides the tool path modification [118,165], the IF process itself
220 has been continuously improved. For example, the Two Point
221 Incremental Forming (TPIF) was proposed in which a partial die is
222 utilized to support the material and reduce the undesired global
223 bending and geometric deviation [129]. Based on the TPIF, Double
224 Sided Incremental Forming (DSIF) [145] was proposed to maintain
225 the benefits of the local support while avoiding the overhead costs
226 for the specific die by using a second tool on the opposite side of
227 the metal sheet [128], as shown in Fig. 6. It has also been shown
228 that DSIF alters the stress triaxiality by imposing additional
229 pressure from the supporting tool, and thus improves the process
230 formality [119] and fatigue behaviour [209]. To better control the
231 DSIF process, different control strategies were proposed for the
232 supporting tool. For example, in Malhotra et al. [123], the
233 supporting tool is displaced at a certain distance, i.e., tool gap,
234 regarding the forming tool in the surface normal direction. The tool
235 gap will be determined based on the local wall angle, in-plane
236 curvature and also other experiment setups such as the tool
237 diameters or sheet thickness. Correspondingly, the force control
238 for the second tool is also implemented, and the effect of various
239 supporting force imposed by the secondary tool was studied
240 [119]. The second tool can also be offset in angle with respect to the
241 first tool to create a different squeeze effect [119].
242 With the controllability and flexibility of CAM-process [67,139],
243 the formability and geometrical flexibility of the sheet incremental
244 forming process can be maximized. Meier et al. [129] developed an
245 incremental robot-based sheet forming process shown in
246 Fig. 7. Roboforming is implemented by means of two industrial

247robots that are interconnected to a cooperation robot system
248[129]. The robot-based process can accurately fabricate more
249flexible-shaped products, as shown in Fig. 7(b) and (c).
250There are many trials to decrease the process time in the sheet
251incremental forming process [196]. Kwiatkowski et al. [96,197]
252introduced “Twin tool” concepts shown in Fig. 8(a) supplying an
253individual kinematics for each tool in the incremental sheet
254forming. Using “TwinTool” concept, it is possible to decrease the
255process time and costs. It presents an individual kinematics for
256each tool by introducing two additional linear axes. Each tool was
257inclined in order to allow two tools close to each other. Nowadays,
258they are working on multi-tool concepts shown in Fig. 8(b)
259consisting of a tool matrix. Each tool can be adjusted vertically.
260The major challenge in controlling the incremental forming
261processes is to increase the robustness of control methods for
262complex part geometry and various experimental setups while
263maintaining the overall process time or cost efficiency. To
264overcome the challenge, work has been conducted to address
265the requirement of an in-situ geometric measurement equipment
266in the on-line geometry accuracy control methods [63] and the
267accurate alignment of the scanned geometry with the target one.
268The optical measurement has an access problem. An efficient and
269cost effective in-situ geometric measurement at the presence of
270lubricant or a fast and accurate prediction method is desired.
271Moreover, how to modify the tool path based on the measured
272error efficiently is still an unsolved problem, which depends on an
273accurate process modelling regarding the underlying mechanics of
274IF process and more advanced control methods for in-situ closed-
275loop process control. For example, the supporting force is usually
276follows in pre-set value in the current research [119] while the
277optimum tool gap in the displacement-controlled DSIF is purely
278empirically determined [145]. In this case, an analytical method to
279predict the optimum tool gap or supporting force regarding
280complex geometric features and various experimental setups is
281desired. Thus, a model-based force control loop can be imple-
282mented in the future, which will adjust the position of the tool(s)
283according to the model prediction and in-situ sensing so that both
284over squeezing or loss of contact can be prevented.

2852.1.2. Incremental sheet forming by blank-rotation/spinning
286Metal spinning is used to form shell components, but is
287constrained by two features: it can practically only produce
288axisymmetric shapes up to now; it requires a dedicated mandrel
289for each product. Examination of pressures between product and
290mandrel revealed that contact is limited to three well defined
291areas. Furthermore, if these rollers could be controlled, they could
292represent any symmetric or asymmetric mandrel. A seven-axisFig. 7. Roboforming with two robots [129].

Fig. 8. Tools for flexible incremental forming (a) twin tool (b) multi-tool concept [96].

Fig. 6. Double sided incremental forming [145].
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293 machine was designed, manufactured, and used to spin trial parts.
294 The machine design is described, and preliminary results give an
295 indicator of process capability [148].
296 An opportunity to increase the economical relevance and
297 flexibility of conventional metal spinning is the development of the
298 process of “non-circular spinning” for producing rotationally non-
299 symmetric components [16,17]. In principle, the production of
300 rotationally non-symmetric, hollow components through spinning
301 is possible with the application of force-controlled or motion-
302 controlled roller tools shown in Fig. 9. Fig. 10 presents the products
303 of the newly developed non-circular spinning process.
304 Another possibility for the manufacturing of rotationally non-
305 symmetric hollow parts through spinning is the exact feeding of
306 the roller tool in the axial and radial directions. This ensures a
307 constant gap between the spinning mandrel and the roller at all
308 times during the spinning process. Sugita and Arai [191] developed
309 a synchronous multipath metal-spinning method, which controls
310 the roll position synchronously with the spinning rate. Rectangular
311 box shapes were successfully formed by optimizing the tool
312 trajectory, is shown in Fig. 11.
313 The material flow in the conventional spinning process follows
314 the sine law (t = t0sina). Tube and cup having a vertical wall cannot

315be manufactured from the conventional spinning process. Suzuki
316et al. [194] proposed a new spinning process using the elastomer
317shown in Fig. 12. The tool pushes a sheet metal locally and
318elastomer lifts up the sheet metal. Through the forming process,
319the tool concentrates the sheet metal to the center. Using the
320elastomer in the spinning process, the flexibility and the
321formability of the process was improved

3222.1.3. Incremental profile forming by flexible roll movements
323Roll forming originally is a continuous bending process during
324which a profile with a desired cross section is formed in a steady
325state process. Flexibility in roll forming can be achieved by
326enabling variable cross-sections along the longitudinal direction
327through movable rolls. Groche et al. [55] developed a flexible roll
328forming stand shown in Fig. 13. The desired bending edge can be
329generated in a CAD-system and read by a control program to
330control the forming units. Constant flange heights can be achieved
331by using geometrically fitted metal sheets.
332Lindgren [116] developed a 3D roll-forming process which
333allows for profiles with variable depth and width The concept
334shown in Fig. 14 consists of six forming stands which servo control
335axes two for translations and two rotations of the rolls. Products
336from this process are shown in Fig. 14.
337Flange wrinkling and web warping are two major failure modes
338in flexible roll forming [77,78]. They are caused by longitudinal
339compressive and tensile stresses in the inlet and outlet zones of the
340change in section [56] Larrañaga et al. [105] investigated the
341enhancement of the accuracy for the flexible roll forming. To
342reduce the shape error, a new process called incremental counter
343forming (ICF) shown in Fig. 15 was proposed by which the shape

Fig. 10. Produced examples of non-circular spinning [16,17].

Fig. 11. Rectangular box shape through a synchronous multipath metal-spinning
method [191].

Fig. 12. Tube fabrication by spinning utilizing elastomer [194].

Fig.13. Schematic of concept of flexible roll forming with additional forming unit (a)
apparatus (b) design of blank [55].

Fig. 9. Asymmetric spinning [148].
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344 error can be reduced in incremental steps [158]. As a result, the
345 precise geometry can be manufactured without shape errors.

Incremental Profile Forming transfers the principle of incre-
346 mental sheet forming to tubes and profiles and allows the
347 manufacture of tubular parts with a variable cross-section design
348 along the centre line. Multiple forming tools with arbitrary
349 shapes indent into the tube and move along predefined tool paths
350 until the desired shape is realized. Based on the described concept
351 Grzancic et al. [57] developed a flexible machine system with
352 eight numerically controlled axes, given in Fig. 16, where up to six
353 tools can be utilized and moved separately from each other at the
354 same time.
355 Depending on the tool design and its combinations, a wide
356 variety of part geometries can be generated. Some corresponding
357 product examples are shown in Fig. 17 for the kinematic, form-
358 closed and combined forming type, where, according to Grzancic
359 et al. [58], the kinematic forming type shows the highest product
360 variety due to the utilization of an universal tool design.

Another category of flexible roll forming is forming of generally
361 curved plates by employing multiple rolls in an incremental process.
362 In a shipbuilding yard, hull forming is an important fabrication
363 process in which flat plates are deformed into doubly curved plates.
364 The manufacturing process of the doubly curved plate is usually
365 carried out manually by skilled craftsmen by using gas torches. A
366 multi-point forming process for producing a doublycurved platewas

367proposed [26,214]. Reconfigurable multi point tools were employed
368to approximate the upper and lower solid dies. The line array roll set
369(LARS) was developed by Shim et al. [175–177]. Each roll set can be
370moved in vertical direction as shown in Fig. 18.

3712.1.4. Incremental profile forming by bending operation
372The demand for bent profiles as structural elements in
373transportation and in civil engineering has increased strongly
374[210]. Geiger and Sprenger [48] and Vollertsen et al. [201]
375mentioned that stretch bending is based on the principle of
376limited shape forming and is mainly used in the automotive
377industry for mass production [21].
378Recently, 3D-bent profiles as incremental forming have
379provided engineers with higher flexibility and have allowed the
380construction of lighter and stiffer structures. It is also possible that
381three-dimensional flexibility in shaping profiles for lightweight
382construction will open up new possibilities [83].

Murata et al. [147], Kleiner et al. [84], Gantner et al. [45], Goodarzi
383et al. [49] and Hermes et al. [64] proposed bending processes for
384producing 3D-bent products. Chatti et al. [28] proposed the TSS
385(Torque Superposed Spatial) bending process that has been
386developed using methods of systematic engineering design shown
387in Fig. 19. The 3D bending contour of profiles was controlled by a
388superposed torque. The kinematic components of the machine were
389synchronized simultaneously to lead to higher flexibility.

Fig. 15. Flexible roll forming using incremental counter forming [158].

Fig. 16. Machine system for incremental profile forming [57].

Fig. 17. Product examples of incremental profile forming [58].

Fig. 18. Incremental rolling of doubly curved plates [177].

Fig. 19. Schematic of a machine setup-up of the TSS bending process [28].

Fig. 14. Schematic of 3D-roll forming (a) apparatus (b) product [116].
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Dieless U-bending methods had been introduced by Kuboki et al.
390 [92,94]. Previously, bending of tubes was performed by the die
391 bending process and three-roll bending process. The three-roll
392 bending process is a flexible bending process. However, it cannot
393 achieve precise geometry due to gravity and unstable portion at the
394 beginning end and at the finishing end. Dieless U-bending method is
395 a flexible bending process enabling various bending radii with
396 flexibility [93]. This processeliminatedtheeffectsofgravitybyclamp
397 and feeding rolls. Various values of radius can be obtained by
398 controlling arm radius and position of the bending roller. The
399 schematic figure of the dieless U-bending process is shown in Fig. 20.
400 Shimada et al. developed “Three-Dimensional Hot Bending and
401 Direct Quench (3DQ)" method. A tube is fed through a feeding
402 system, at the exit of which the tube is locally heated. A robot arm
403 holds the end of the tube, for generating bending moment at the
404 heated point, and then the bent part is rapidly cooled as shown in
405 Fig. 21. As a result, the tube has a 3-dimentionally bent shape as
406 well as high strength at the same time.

407 2.2. Incremental bulk forming

408 2.2.1. Incremental bulk forming by discrete cogging operation
409 Incremental bulk forming is the oldest known metal forming
410 technology. At that time, man began to manufacture simple tools
411 and ornaments from gold, silver and copper without devoted tools.
412 Nowadays, incremental bulk forming is applied to manufacture
413 large products with the usual name of “cogging” and incremental
414 “upsetting”. Various simple shapes could be manufactured flexibly
415 with a small number of tools [52].
416 In bulk metal forming, which are often characterized by the
417 final component geometry being largely represented by the tool
418 geometry, specific approaches exist for making component
419 production more flexible.

Theforgingprocess, incomparisonwiththemachiningprocess,has
420 advantages such as the improvement of mechanical properties for the

421component,massproductioncapabilityandsavingofrawmaterial.The
422closed-die forging process needs a devoted die set for each product.
423However free forging process has been applied to incremental bulk
424forming,becausethespecificdie-set isnotrequiredandvariousshapes
425could be flexibly formed with a small number of tools [52]. In
426incremental bulk forging, deformation of materials is not restricted by
427the tool shape [155]. Therefore, the bulk incremental forming process,
428whichutilizesrathersmallequipmentandmoreuniversaltoolsinstead
429of a special die, has been carried out in many applications.

In bulk incremental forging, an integrated manufacturing system
430of free forging was developed, as shown in Fig. 22. Wang et al. [203]
431investigated the free forging process with a 6-axis degree of freedom
432robot and servo-press which is very economical in forming of
433complex shape parts due to high process flexibility and simple die-
434setting. The basic experimental results were shown in Fig. 22.
435Rotary swaging is a metal forming process for changing
436diameter of a tubular or solid bar. Most applications involve the
437reduction [65]. Axial-Radial-Forming was developed in order to
438manufacture additional shapes like shaft collar in gear shafts
439which requires a local increase of diameter. The shaft collar was
440formed by engraved die segments [164]. Jin et al. [74] developed a
441rotary forming process to thicken the rim of a disc-like part. As the
442ring roller moves around the workpieces, the rim of stationary
443workpieces is rolled and thickened with desired shape.
444For flexible and CNC controllable radial forming machine was
445developed by Paukert and Lange [159]. The radial forming machine
446RUMX 2000 (Fig. 23) [103,159] contained all necessary systems for
447automatic manufacturing. Stepped shafts with longitudinal axis
448and more complex shapes such as T-sections and X-sections can be
449fabricated. As shown in Fig. 24, Lee et al. [108] developed an
450innovative radial-axial forging process employing incremental
451forming in order to produce shaft parts with complex-shaped
452flanges. Three-dimensional parts can be fabricated from a raw
453material having smaller outer dimensions than those of final
454product by repeating the radial-axial incremental forging process.
455Fig. 24(b) shows apparatus for radial forging, and Fig. 24(c) shows
456apparatus for axial forging.

A new approach for the integrated open-die forging of curved
457workpieces is presented, by Wolfgarten and Hirt [206]. In this
458incremental forging process, the material flow is controlled by
459superimposed manipulator displacements. Superimposed manipu-
460lator displacement gives bending deformation to workpieces. The
461deformation in the top view and vertical view are presented in

Fig. 21. Schematic figure of the three-dimensional hot bending and direct quench [178].

Fig. 23. Radial forming machine RUMX 2000 [103,159].

Fig. 20. Dieless U-bending process [93].

Fig. 22. Incremental forging with a robot and formed products with various shape [203].

D.Y. Yang et al. / CIRP Annals - Manufacturing Technology xxx (2018) xxx–xxx 7

G Model

CIRP 1861 1–24

Please cite this article in press as: Yang DY, et al. Flexibility in metal forming. CIRP Annals - Manufacturing Technology (2018), https://
doi.org/10.1016/j.cirp.2018.05.004

https://doi.org/10.1016/j.cirp.2018.05.004
https://doi.org/10.1016/j.cirp.2018.05.004


462 Fig. 25. Through this forming process, a generally curved workpiece
463 can be manufactured within one forging pass with flexibility.

464 2.2.2. Incremental forming by ring blank rotation/flexible ring rolling
465 Ring rolling is one of the incremental bulk forming process and
466 used to manufacture products of ring shapes for engine parts and
467 aerospace parts. The shape of products made by conventional ring-
468 rolling is limited to constant cross-sections and flat rings. To extend
469 the process for industrial applicability and flexibility of the ring
470 rolling process, new approaches for ring rolling of various shapes of
471 cross-sections had been suggested.

Allwood et al. [7] and Stanistreet et al. [187] developed a novel type
472 of flexible ring rolling machine (Fig. 26). By increasing the number of
473 elemental modules, the machine provides the possibility of increasing
474 the flexibilityof theprocess and increasing its production capability. In
475 addition to flexible ring-rolling, Lee et al. [110] fabricated a tilted ring
476 by changing mandrels during the process. Cleaver et al. [29] studied
477 the ring rolling process for the non-axisymmetric components having
478 variable wall thickness. By controlling roll gaps and speeds online,
479 products with variable thickness could be made without loss of
480 circularity. Flexible ring rolling shows the potential to extend the
481 complexity of the ring cross-section.

4822.2.3. Other incremental forming by flexible tool movement(s) –
483transverse rolling
484Orbital forming as an incremental bulk forming process can be
485applied on a metal plate to create a defined circular plate thickness
486characteristic [179]. From the orbital forming process, flanged
487automotive parts and impeller shafts can be manufactured.
488In orbital forging, deformation occurs in a small segment of
489material. As a result, orbital forging presents smaller forming loads,
490small stresses in dies, longer die life and reduced noise and
491vibrations. As shown in Fig. 27, the orbital forging process can
492increase the formability of materials. In addition to formability,
493Orbital forging has advantages in product shapes and does not
494require a specific die-set [160]. These indicate that orbital forging is
495economical in medium and small-batch production. In addition to
496economic points, orbital forging provides flexibility in production
497shapes [154].

Functionally integrated sheet metal components can be
498manufactured flexibly with less yield loss, better mechanical
499properties and shorter process chains by combining sheet
500forming with incremental bulk forming. Process adapted semi-
501finished products like tailored blanks with a defined sheet
502thickness distribution are necessary for some processes of this
503class to achieve the desired geometrical dimensions. These
504tailored preforms can be manufactured with a sheet-bulk metal
505forming operation itself. Since high process forces are required
506due to spatial material flow and large contact areas, incremental
507forming technologies like orbital forming are well suited for this
508task [136]. The thickness distribution and the orbital forging
509process are presented in Fig. 27. Various types of tools can be
510utilized in the sheet-bulk metal forming process as shown in
511Fig. 27 [183]. Through the continuous and discontinuous forming
512process, flexible geometries can be manufactured.

Another approach of the sheet-bulk metal forming technology
513deals with an incremental procedure (iSBMF) shown in
514Fig. 28. Within the trend of individualization, a flexibility of
515manufacturing processes is necessary for a high product variety
516by kinematic strategies of simple forming tools. A characteristic
517feature is the small forming zone in comparison to the workpiece
518volume, and thus, lower forming forces occur. With the localized
519iSBMF forming operations are applied to sheet metals and enable
520an intended three-dimensional material flow. The key innovation
521is the defined control of the 3D material flow in a sequence of
522forming operations. The local setting of the workpiece contour,
523the sheet thickness and the hardening based on individual
524requirements are the most important advantages provided by this
525approach. For this purpose a special forming press with five axes

Fig. 26. Flexible ring rolling machine and the module of the experimental ring
rolling machine [187].

Fig. 27. Tailored blank by orbital forging [136].

Fig. 28. Five-axis forming press for the incremental sheet-bulk metal forming [180].

Fig. 25. Open die forging for curved workpieces [206].

Fig. 24. Schematicof incremental radial-axial forgingof flanged shaft parts (a)concept
of the incremental radial-axial forging (b) radial forging (c) axial forging [109].
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526 of motion was realized and allows for a wide variety of different
527 forming operations.

The forming operations can generally be separated into
528 continuous and discrete sequences. The continuous processes
529 represent forming steps with a permanent tool engagement and
530 discrete processes have a temporally limited, interrupted tool
531 contact. A further distinction occurs due to the position of the
532 processing. Characteristic cases are the processing of the sheet plane
533 (Fig. 29(a)) and of the sheet edge (Fig. 29(b)). By processing the sheet
534 edge, form-elements are aspired, such as gears [182]. With the
535 formingoperations on the sheet plane a locally defined material pile-
536 up is formed which can be used as additional volume for fastening
537 elements or as secondary design elements [205]. Both process
538 variants require adequate tooling systems, particularly chambering
539 elements, in order to control the material flow. These necessary
540 elements also represent a restriction for the tool dimensioning.
541 For the fundamental process understanding of the innovative
542 iSBMF processes, analytical frameworks were developed to offer a
543 physical insight at the deformation mechanics and to estimate the
544 influence of the main process parameters on the force require-
545 ments [182,205]. Challenges during the incremental gear forming
546 regarding a high tool wear and an insufficient form filling of the
547 first gear element formed were faced and solved [205].
548 As in the case of incremental sheet metal forming, the
549 realization of component geometry based on a suitable tool
550 kinematics also represents an approach in the field of bulk metal
551 forming, which increases flexibility. In this context an innovative
552 solution is represented by the so-called axial feed cross rolling
553 [100,102]. A large variety of part geometries can be manufactured
554 without specific forming tools. The forming process is based on the
555 relative motion between the workpiece and two rolling tools
556 rotating simultaneously. These rolling tools groove the workpiece
557 due to a corresponding infeed motion. Additionally, the workpiece,
558 which is rotating freely, is moved axially i.e. it is pulled through the
559 rolls. The infeed motions of the rolls and the feed motion of the
560 workpiece may be varied in the process sequence.

The schematic figure of the axial feed cross rolling process and
561 products are presented in Fig. 30. Moreover, it is possible to realize
562 several grooves and repeated rolling in one clamping, which allows
563 for the diameter of the workpiece to be reduced by more than 80%.
564 The overall estimate establishes that axial feed cross-rolling is one of
565 few processes of bulk metal forming that enable economic
566 manufacturing of complex component geometries for a range of
567 small or medium-sized number of pieces. In addition to flexibiliza-
568 tion of the component production, significant effects can be achieved
569 regarding efficiency of materials and resources. Fig. 31 presents a
570 prototype machine developed byajointcollaborationbetween Lasco
571 Umformtechnik GmbH and Fraunhofer IWU [190].

572 3. Flexibility by physical parameter variation

573 3.1. Flexibility of Strength distribution by geometric variation

574 3.1.1. Flexible geometric variation by continuous operation (flexible
575 rolling)
576 The efficient production of weight optimized components often
577 requires new, more flexible forming processes. novel hot rolling

578process was presented for forming I-beams with variable cross-
579section [27], which are lighter than prismatic alternatives.
580Additionally, demands on mechanical performances by optimiza-
581tion of local properties and optimized sheet thickness for
582structures are increasing [71,91]. The process is capable of
583generating variable cross-section beams with variation in web
584depth of 30–50%. Some examples of variable cross-sectional beams
585and manufacturing process are shown in Fig. 32.

Fig. 30. Schematic figure of the axial feed cross rolling process and products [100].

Fig. 31. Prototype machine for axial feed cross rolling [190].

Fig. 29. Schematic presentation of the processing of (a) the sheet plane and (b) the
sheet edge [181].

Fig. 32. Hot rolling for variable cross-section [27].
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586 A new rolling process is being developed for producing cold
587 rolled strips with a defined cross section [53,68]. These strips
588 feature differences in thickness up to 50% perpendicular to the
589 rolling direction. A special roll system is used to achieve a material
590 flow exclusively in the direction of the strip width. As a
591 consequence, the strip width is increased significantly. In this
592 way a wide variety of different cross sections can be produced. The
593 application of sheet with variable cross-section covers novel load-
594 adapted and load-optimized structures with different thicknesses,
595 e.g. special profiles and special section tubes.

Ryabkov et al. [166] proposed a new tailored rolling blank (TRB)
596 through 3D-strip profile rolling. By combining flexible rolling (FR) and
597 stripprofilerolling(SPR)intooneproductionchain[88]. Itwaspossible
598 to produce blanks with both longitudinal and latitudinal transitions. A
599 schematic figure of a 3d-profiled blank is shown in Fig. 33.
600 As shown in Fig. 34, the tailored rolling blank (TRB) regions that
601 have been reduced maximally in thickness have a higher yield
602 stress in comparison with the regions that have been minimally
603 reduced due to strain hardening. The rolls can be arranged as
604 shown in Fig. 34. Also, some examples are presented in Fig. 34.

605 3.1.2. Flexible geometric variation by discrete operation (flexible plate
606 forging)
607 A plate forging process of tailored blanks having local
608 thickening for the deep drawing of square cups was developed
609 to improve the drawability [141]. A sheet having uniform thickness
610 was bent into a hat shape of two inclined portions, and then was
611 compressed with a flat die under restraint of both edges to thicken
612 the two inclined portions. The bending and compression were
613 repeated after a right-angled rotation of the sheet for thickening in
614 the perpendicular direction. A plate forged sheet and results of the
615 deep drawing are shown in Fig. 35. The thickness of the rectangular
616 ring portion equivalent to the bottom corner of the square cup was
617 increased, particularly the thickening at the four corners of the
618 rectangular ring undergoing large decrease in wall thickness in the
619 deep drawing of square cups became double. Merklein and Opel
620 [135] investigated the sheet-bulk metal forming process [130] to
621 manufacture tailored blanks with a defined sheet thickness.
622 Manufactured sheets with different thickness were employed in

623the deep-drawing process and forming process to obtain flexibility
624in geometric variation of sheet products.

6253.2. Flexibility of material disposition by introducing different
626materials

6273.2.1. Flexible material disposition using by patchwork blanks
628A promising approach to reduce manufacturing costs, decrease
629vehicle weight, and improve the quality of automotive body
630components is through the use of tailor-welded blanks [81]. This
631term refers to blanks where multiple sheets of material are welded
632together to create a single blank prior to the forming process
633[2,138]. The key idea of patchwork blanks is to partially reinforce a
634mainsheet by one or more blanks (patch) as shown in Fig. 36 [99]
635and Fig. 37 [132]. In most cases the patched blank is smaller than

Fig. 35. Plate forming of tailored blanks [141].

Fig. 36. Automotive components with patches [99].

Fig. 33. 3D-profiled blank [166].

Fig. 34. Flexible rolling for defined cross section [88].

Fig. 37. Examples of the tailor welded blanks [132].
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636 the main sheet. The difference to conventional reinforcement
637 methods used in the automotive industry is that the blank and the
638 reinforcing patch are joined prior to the forming process. The
639 blanks are connected with an overlap joint. Another advantage of
640 patch-work blanks in contrast to conventional reinforcing is the
641 higher fitting accuracy between the two sheets as a consequence of
642 the joint. Moreover, even very small areas of the blank can be
643 reinforced.

644 3.2.2. Flexible material disposition using by metallic sandwich plate
645 (s)
646 A sandwich structure is a common practice in lightweight
647 structures in nature such as branches, bones, etc. These structures
648 are featured by structural optimization and minimum weight for
649 maximum performance, such as high specific strength and high
650 energy absorption value. As inner structures between skin sheets,
651 tetrahedrons, pyramids, 3D kagomes, diamond weaves, hollow
652 trusses and honeycomb structures can be used for the inner
653 structure [195,202] have been used.
654 Various methods such as perforated sheet folding, wire
655 assembly and investment casting have been applied to the
656 manufacture of a light-weight metallic sandwich plate. Such
657 manufactured sandwich plates are not amenable to forming with
658 very low formability due to their extremely high bending strength
659 and stiffness, which hinders practical application.
660 A new approach is the forming of additively manufactured
661 sandwich sheets by selective laser melting (SLM). Sandwich sheets
662 with optimized core structures and high ductility are developed
663 with respect to high formability. Fig. 38 shows the possibilities of
664 additive manufacturing (AM). Multi-material applications, func-
665 tional integration, such as complex cooling channels or integrated
666 sensors, as well as load-adjusted graded core structures are
667 developed and produced. With AM it is possible to combine the
668 benefits of both processes – the flexibility and free complexity of
669 AM plus the efficiency and productivity of forming technologies.
670 The sandwich sheets are completely produced with SLM and show
671 promising results in the three-point-bending test (Fig. 39). Another
672 upside of the aforementioned process combination, is the

673substantial time saving of up to 50% compared to the manufactur-
674ing of the final contour.

Seong et al. [171,172] developed bendable sandwich plates
675with sheared dimple inner cores to increase bendability. The
676sheared dimple cores prevent face buckling and core shear failure
677because the shear strength of the sheared dimple cores is higher
678than that of other sandwich cores with the same relative density.
679Such a bendable sandwich structures provides the flexibility in
680design and manufacture of sandwich plate. The car bumper
681shown in Fig. 40 is made from the sandwich plates with sheared
682dimple cores.

6833.2.3. 3D printing of metals and smart material utilization
684The evolution of 3D printing (3DP) or additive manufacturing
685over the past three decades has been nothing less than
686extraordinary [198]. The evolution of 3DP has been made by
687improvements in 3DP materials and technologies. Additive
688manufacturing processes produce physical objects from digital
689information point-by-point, line-by-line, surface-by-surface, or
690layer-by-layer [41,168,173]. Today, 3DP products and services
691support a wide range of activities including manufacturing,
692energy, transportation, art, architecture, education and the
693military [59,66,70,111].
694Recently, researchers related to the development of eco-
695friendly molding and forming tools have refocused their efforts
696on the laser assisted metal rapid tooling process to cope with the
697global warming issue and the resource depletions [42,207]. The
698advantageous inherent features of the laser assisted metal rapid
699tooling process include an readily additive characteristics,
700switchable supply of materials and material deposition along an
701arbitrary trajectory. These features provide the tool designer and
702manufacturer with an opportunities to overcome the limitations of
703the conventional molding and forming tools from the viewpoints
704of energy consumption, environmental impact and material usage
705[3] as shown in Fig. 41.
706The forming load of the bulk metal forming process, including
707forging, extrusion, rolling, etc., is greater than that of the sheet
708metal forming process. The laser assisted metal rapid tooling
709process has been hardly applied to the manufacture of the tools for
710the bulk metal forming process. Recently, several researchers have
711tried to utilize cladding and melting types of laser assisted metal
712rapid tooling process for the improvement of the wear resistance of
713warm and hot forming tools.

Since the laser assisted metal rapid tooling process was
714introduced into manufacturing industries, restoration of mold-
715ing and forming tools has been considered as a competitive

Fig. 39. Metallic sandwich sheets manufactured by selective laser melting with
different core structures after bending to the same bending angle showing different
spring-back.

Fig. 40. Application of the bendable metallic sandwich plate [171,172].

Fig. 38. Schematic composition of multi-material additively manufactured
sandwich sheets with integrated functions.
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716 application field. The cladding type of laser assisted metal rapid
717 tooling process along with coaxial nozzles for powder feeding,
718 as in many commercial processes, can deposit the desired
719 material on the damaged tool surfaces. In addition, the porosity
720 and the heat affected zone are hardly formed in the deposited
721 region. InssTek Inc., is researching into five-axis controlled
722 flexible deposition system. The flexible deposition system
723 makes possible to near net shape repairing of the tools. InssTek
724 Inc., has carried out the restoration of hot forging tools [3]. The
725 company has reported that the life of the restored hot forging
726 tool for the case of the connecting rod is increased nearly
727 2.5 times or more.

728 3.3. Flexibility of strength control by local or incremental heating

729 3.3.1. Flexible local heating for tailor-tempered sheets
730 Tailor welded, tailor rolled and patchwork blanks [156,163] are
731 mainly produced to improve the properties of the parts for its final
732 application. In many cases, the forming process of tailored blanks is
733 even more difficult compared to conventional blanks because of
734 the inhomogeneous thicknesses or strength distribution [95].

In contrast, the aim of tailored heat treat blanks (THTB) [132]
735 is to improve the formability of the products. Blanks produced
736 with the THTB technology have locally different property
737 distribution along the sheet plane [47,131]. The partial mechan-
738 ical properties are tailored to improve the subsequent forming
739 operation. The technologies’ key idea is that the gradation of the
740 mechanical properties is obtained by local heat treatment
741 performed before the actual forming process. Consequently, the
742 forming process is realized in cold conditions. This has many
743 advantages in comparison to conventional warm or hot forming
744 operations: no special and expensive components, like hot
745 forming tools or heat-resistant handling systems, are necessary
746 and the heat treatment operation can be locally and temporally
747 separated from the forming process. Fig. 42 shows an example of
748 the tailored heat treated blanks. After heat treatment, the
749 formability of the material increases and the product can be
750 formed without problems.

751Recently, a new process of the tailored tempering system, has
752been developed in the industry. In a continuous cooling process of
753the tailored tempering system, the cooling rate and hardness are
754the relevant parameters. This method uses cooling gradients,
755calculated in the hot forming simulation, to determine the value of
756hardness and other mechanical characteristics of the part. The
757mechanical properties depend on the thermal and forming history
758of the part. For instance, Fig. 43 shows a B-pillar product with
759excellent intrusion control in the upper section and high energy
760absorption in the lower section.
761Studies on changing the properties of products by controlling
762the cooling rate and heating region locally have been carried out to
763simplify the process and reduce the cost. The manufacturing of a
764single part with tailored properties with flexiblity can be carried
765out using different process control strategies such as tool
766temperature, thermal conductivity, and contact surfaces as stated
767by Karbasian and Tekkaya [76]. Mori and Okuda [144], Mori et al.
768[142] quenched only local portions requiring high strength using
769tailored die quenching in hot stamping. They produced formed
770parts of ultra-high strength steel with good strength distribution.
771The heat assisted sheet metal forming in progressive or transfer
772tools by local induction heating is another approach for the flexible
773setting of geometrical and mechanical properties in large-scale
774production. Compared to conventional hot stamping, only critical
775zones are heat treated so that required product properties are
776fulfilled either by the initial condition or by the rapid heat
777treatment [97,98]

7783.3.2. Flexible local heating for formability improvement
779The formability of hard-to-form materials can be increased by
780increasing forming temperatures [12,80,200,212,213]. To increase
781formability and flexibility, the external heat sources can be applied
782to the hard-to-form materials where plastic deformation occurs
783[69]. Local heating of the materials eases processing of materials
784due to the dependence of the yield strength on temperature. Heat
785transfer by thermal radiation, conduction, convection, induction
786heating and microwave heating can be applied to the selective
787heating of the materials.
788Using external heat sources such as heated forming tools and
789gas burners have technical disadvantages such as process control,
790guarantee of required quality, thermal loading on the machine tool
791and safety in the workplace as stated by Neugebauer et al. [150] in
792their review paper. It becomes clear that there is a need for a
793heating strategy which enables targeted, simultaneous heating of
794the forming zone during metal forming processes. Selective laser
795heating offers a possibility to heat only the areas of the work piece
796where strongest deformations are required. The laser beam is
797applied to conventional forming process such as the bending, roll
798forming, deep drawing, the sheet incremental forming process and
799the spinning process to increase the formability of the materials.
800Spinning is widely applied to tube forming with the increasing
801usage of tubular parts. For hard-to-form materials, the conven-
802tional spinning process is difficult to be applied due to their low
803formability. Yoshihara et al. [211] investigated the spinning process

Fig. 43. Tailored tempering [76].

Fig. 42. Tailored heat treated blank (THTB) [132].

Fig. 41. Restoration of hot forging tools using laser assisted material deposition [3].
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804 of magnesium alloy tubes using gas burners and NC control. The
805 feasibility of the spin forming of a magnesium alloy tube was
806 proved by experiments as shown in Fig. 44. Murata et al. [146]
807 developed a new CNC spinning machine having roller tools with
808 heaters. The heated tools heat and form the magnesium tubes into
809 various shapes by the spinning process. Laser assisted spinning
810 process [86] was also introduced to make spinning more flexible by
811 more focused local heating.
812 In roll forming, Lindgren et al. [117] developed a new method
813 using partial heating to increase the formability of the sheet
814 metals. It is shown that partial heating make it possible to roll form
815 large bend angles. For bending of high strength steels, complex
816 phase steels and martensite phase steels, Merklein and Geiger
817 [131] developed the laser assisted bending process in order to
818 enhance the formability of the materials to reduce springback and
819 to realize smaller bending radii and increased bending angles.
820 In sheet incremental forming process, recent advances have
821 enabled localized deformation to be accurately controlled. Sheet
822 incremental forming process has the potential to innovate sheet
823 metal forming, making it accessible to all levels of manufacturing
824 as stated by Jeswiet et al. [73] in his review paper about the
825 asymmetric sheet incremental forming.

Fig. 45 presents the sheet incremental forming process using
826 laser. The sheet incremental forming process of the hard-to-form
827 materials at room temperature is limited due to its formability. In
828 order to increase formability, the external heat sources such as
829 laser [34,35], resistance heating [11,37], friction heating [157,208]
830 and induction heating [5] were applied to the sheet incremental
831 forming process.

A forming process by local heating using near-infrared rays
832 (NIRs) is proposed to reduce springback of non-quenchable
833 advanced high-strength steels [107], such as dual-phase steels,
834 that are not suitable materials for hot stamping. NIR lamps
835 show outstanding cost performance, and the width of the
836 heating area can be controlled by designed reflectors. V-
837 bending and 2D-draw bending were conducted with heated
838 DP980 sheets. Results (Fig. 46) showed that NIR local heating
839 has advantages over furnace heating in both shape accuracy and
840 hardness [107].

841Dieless drawing is heat-assisted forming to reduce the cross
842sectional area of a tube or wire [193]. The main prerequisites of
843dieless drawing are localized heating and uniaxial tension.
844Localized reduction in an area is caused in the tension state by
845low flow stress at the locally heated part [44]. Dieless tube drawing
846offers flexibility to reduce the cross-sectional area of a tube only by
847adopting a drawing speed higher than the feeding speed without
848requiring dies or a mandrel.
849Metal bellows have wide applications in piping systems,
850automotive industries, aerospace, automatic control and measur-
851ing instruments, transportation, nuclear energy industry and
852micro-electro mechanical systems. A novel manufacture method
853without any dies and tools for producing the metal bellows with
854various shapes (Fig. 47) was proposed [216].

8554. Flexibility by process combination

8564.1. Combination of conventional forming processes

A motivation for combination of forming processes is the
857synergistic effect, meaning that the advantages of single
858processes can be combined [106,169]. In addition to improving
859the formability, the increase in flexibility is an important aspect
860[217].
861One interesting approach is represented by combination of
862conventional processes (e.g. deep drawing) with forming opera-
863tions using active media or energies (e.g. elastomers, fluids, gases,
864electromagnetic fields) which offers advantages in terms of

– 865Achievement of high levels of deformation,
– 866Guaranteeing a high accuracy (e.g. reduction of spring-back

867behaviour) and
– 868Integration of additional forming, cutting and joining operations.

One example is a kind of partial “explosive forming” process
869based on gas generators following a deep drawing operation for

Fig. 46. B-pillar forming test using near infrared sources [107].

Fig. 47. Bellows forming and diametral expansion by local heating [216].

Fig. 44. Spinning process using gas burners (a) photograph of experimental
equipment in spinning (b) geometry of the cross-section in formed magnesium
alloy pipe.

Fig. 45. Sheet incremental forming process using dynamic local heating (a)
experimental setup (b) clamped workpiece and tool stylus with cooling flow locally
re-moved by means of an air jet, and visible, dynamically moving heated spot [34].
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870 the realization of a uniform pre-form. Gas generators, normally
871 responsible for triggering airbags, offer the potential to generate
872 corresponding volumes of gas within very short time units. In
873 order to follow up on this basic idea, investigations were
874 performed at the IWU in Chemnitz to establish whether this
875 technology can be used both for cutting and for forming
876 processes. Fig. 48 shows realized derivatives of an engine hood
877 based on a process combination of deep drawing and “explosive
878 forming”.

The manufacture of bent tubes made of high-strength
879 materials requires high bending loads, which leads to large
880 springback and eventually distortion of the cross-section. The
881 incremental tube forming process allows significant reduction of
882 the bending moment. This is achieved by combining the
883 continuous bending process with an incremental tube spinning
884 process [22]. Extrusion process and bending deformation was
885 combined to increase flexibility of process and productivity. Due
886 to an unsymmetrical feeding of the reinforcing elements, the
887 curvature generation is influenced by the changed material flow
888 [82,85].
889 The incremental tube forming process shows a significant
890 advantage concerning bending moment reduction as well as
891 springback reduction compared to conventional tube bending
892 processes due to stress superposition. It was shown that an
893 increase of the process speed leads to a decrease of the bending
894 moment. Furthermore, a higher necking causes a higher reduction
895 of the bending moment due to the higher superposed circumfer-
896 ential stress.
897 Some researchers investigated the electromagnetic assisted
898 forming process also called as electromagnetic forming [162]. With
899 the electromagnetic forming process, a more defined and flexible
900 geometry can be obtained [72,174]. Fig. 49 presents integrated
901 electromagnetic forming and extrusion process. Shang and Daehn

902[174] studied the electromagnetically assisted stamping process.
903By combining stamping and electromagnetic forming, a more
904complex shape can be formed [30,31].

9054.2. Combination of flexible (incremental) forming process with a
906conventional forming process

907Araghi and co-workers [14,19] developed a new hybrid process
908combining stretch forming with asymmetric incremental sheet
909forming as shown in Fig. 50. A noticeable reduction of production
910time compared to asymmetric incremental sheet forming is
911possible. In comparison to asymmetric incremental sheet forming
912a more uniform thickness distribution with a reduced amount of
913maximum thinning can be achieved.
914The outcome of the investigations showed that, as a result of
915this combination of procedures, the process chain for manufactur-
916ing the two component variants was significantly shortened and it
917proved possible to reduce the number of forming tools required
918from 5 to 3 tools in each case.
919As already described in Section 4.1, one promising strategy is
920the use of a universal pre-forms for realization of part derivatives.
921Within a cooperation project, the basic feasibility of this approach
922was studied and verified taking a drive consoles as an example
923[151,152].
924A conventional deep-drawing operation was used to generate
925the universal preliminary form. The console derivatives (drive
926console left, drive console four-wheel drive) were subsequently
927realized by forming of component-specific areas based on
928incremental forming strategies (Fig. 51).

Fig. 50. Procedure of the process combination of stretch forming and incremental
sheet forming [14].

Fig. 48. Process combination of deep drawing and explosive forming.

Fig. 49. Integrated electromagnetic forming and extrusion process [72].
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929 As one result of this approach, process route for manufacturing
930 the two component variants was significantly shortened. Addi-
931 tionally, the number of forming tools required were reduced from
932 5 to 3 tools in each case.

933 4.3. Combination of a forming process with non-forming processes

934 4.3.1. Increase of flexibility by combining metal forming and additive
935 manufacturing

Both in sheet and bulk metal forming, mass production
936 processes are common which profit from the so-called
937 economies of scale and cannot easily be scaled down to
938 small-scale and individualized production. The cost structure of
939 hot forging and additive manufacturing processes are funda-
940 mentally different. Hot forging processes use expensive dies,
941 whose cost increase rapidly with part size and part complexity.
942 Further downsides are that large forgings often are milled to the
943 final product shape with a large volume of wasted material
944 since the microstructure is only appropriate for the final
945 application in a small portion of the workpiece. In the aerospace
946 industry, hot forging is used to produce both structural parts as
947 well as e.g. turbine blades. Hot forging thus offers various
948 possibilities for the design of value chains in combination with
949 additive manufacturing  processes, e.g. the production of
950 variants based on a generic shape made by forging to reduce
951 material waste by milling.

A demonstrator of such a laser assisted metal rapid tooling
952 combination has been manufactured from an aluminum alloy
953 AA6082 using bending as preforming operation and laser
954 powder decomposition, Fig. 52 [18]. The part is a member used
955 as crash reinforcement, typically manufactured by forging. To
956 produce a single prototype, forging is not economically viable.
957 Selective laser melting/sintering is an option but yields long
958 processing times. By the combination of forming and additive
959 manufacturing  processes, the part can be produced with �30–
960 40% of the time, cost and energy involved in 3DP of the entire
961 part using selective laser melting/sintering. Hence, prototypes
962 or considerable amount of products seem feasible with practical
963 flexibility.
964 Hölker et al. [60] developed a concept for the combined
965 manufacturing of workpieces by incremental sheet metal forming
966 and laser powder deposition in one setup (Fig. 53). Workpieces are
967 formed incrementally in one step and in one machine (simulta-
968 neously, afterward, or in between) without reclamping. Geomet-
969 rically complex elements can also be additively added by laser
970 powder deposition on curved surfaces.

Furthermore, surface finishing by roller burnishing and deep
971 rolling or drilling/milling can be carried out. Thus the rough
972 surfaces resulting from the additive manufacturing process can
973 be burnished. The process and the machine are based on a five-
974 axis-machining center (“Lasertec 65 3D hybrid” from the

975company Sauer GmbH/DMG Mori), which can automatically pick
976up different tools:

– 977A forming tool for incremental sheet metal forming.
– 978A rolling tool.
– 979A nozzle for laser powder depositions.
– 980A die for drilling/milling.

A challenge in using hot-forged parts for subsequent
981additive manufacturing  is, in particular, that the microstruc-
982ture, the residual stresses and the surface conditions of the
983semi-finished product will be influenced by the AM process,
984such that suitable process parameters (laser power, feed rate,
985etc.) need to be identified. The powder deposition process
986imposes a cyclic thermal load onto the preformed base
987material, which triggers both the creation of residual stresses
988as well as a complex microstructure evolution. In order to
989predict the microstructure evolution in AM and process
990combinations of AM and forming, models of substantial
991complexity need to be built.

9924.3.2. Increase of flexibility by combining sheet metal forming with
993heating/heat treatment
994Due to the interests of vehicle safety and crash requirements in
995the automotive industry, the use of ultrahigh-strength steels in
996structural and safety components is rapidly increasing [122]. How-
997ever, ultra-high strength steel is hard to form at the room
998temperature due to the high forming load and low formability.
999Merklein and Lechler [133], Turetta et al. [200], and Bariani et al.
1000[20] show that hot stamping is a good solution to a forming process
1001for ultra-high strength sheets [134]. Hot stamping makes it
1002possible to increase the formability of ultra-high strength steel
1003[149,186], to manufacture more complex shapes and to reduce
1004springback to a minimum by elevating the cooling temperature
1005[76,143]. Fig. 54 shows a typical hot stamping process and some
1006automotive applications which are demonstrated by Karbasian and
1007Tekkaya [76].
1008Among the hot stamping studies, researches works on heating
1009sources have been carried out. Mori et al. [143] showed
1010controllability of the temperature in sheet forming using resis-
1011tance heating. Resistance heating is one of the most effective
1012heating solutions. Behrens et al. investigated another practical
1013solution of resistance heating for bigger parts [24]. By employing
1014resistance heating, large furnaces are replaced with a power

Fig. 53. Four manufacturing methods integrated in one machine [60].

Fig. 52. Pre-form manufacturing and laser powder decomposition [18].

Fig. 51. Process combination “deep drawing – incremental sheet metal forming”
[151,152,204].
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1015 supply. The heating time of the resistance heating requires several
1016 seconds, therefore, it is synchronised with holding for die
1017 quenching as shown in Fig. 55 [140].

In addition, various heating methods such as induction
1018 heating and contact heating are employed on the hot stamping
1019 in order to heat the sheet metal effectively [137]. Landgrebe
1020 et al. [101]. developed a contact-heating device of sheet metal
1021 for hot stamping In the case of hot stamping, Kolleck et al. [87]
1022 employed induction heating which brings in the benefit of high
1023 heating rates in order to avoid grain coarsening while heating in
1024 a short time.

1025 5. Flexibility by forming M/C, system and software operation

1026 5.1. Flexibility of machine operation

1027 Forming machines are expensive producer durable goods.
1028 Provided that they are designed and manufactured in an adequate
1029 way their productive lifetime is usually significantly longer than
1030 the period of a company’s product program planning. Consequent-
1031 ly, specifications of forming machines have to anticipate uncertain
1032 changes of customer and market requirements. Most forming
1033 machines are not designated to manufacture only one specific
1034 product, but a limited number of product classes. These classes of
1035 products are also termed part families [79]. Although a general
1036 definition of part family is missing [79], products produced by
1037 metal forming can be assigned to one class when the type of
1038 forming process is the same and the tool dimensions as well as the
1039 required power and the tool movements range between certain
1040 limits. Flexibility of a machine is predefined by the selection of the

1041limits. These limits determine the dimensioning of a forming
1042machine and are the result of a trade-off between flexibility and
1043cost of a machine.
1044While the aforementioned considerations exist since the first
1045metal forming machines have been designed, new requirements
1046arose in the last decades [104]. Changes in social requirements,
1047consumer behaviour and market conditions necessitate new kinds
1048of flexibility. These kinds of flexibility consider the following
1049requirements in view of machine operation:
10501) Lot sizes for machine operation
1051The demand for customized and short-term available products
1052is contradictory to efficient large volume forming processes which
1053need long lead times for tool manufacture and process set-up.
10542) Shifted process limits in machine operation
1055New products can be created by overcoming limitations
1056resulting from characteristics of large scale processes. Extended
1057geometrical freedom and improved operating conditions are of
1058special interest.
10593) Rearrangement of process chains
1060Metal forming machines are either used for the production of
1061single components or joining operations. Compared to other
1062manufacturing operations their cycle time is often much shorter.
1063Since modern material flow optimizations minimize storages,
1064multi technology machine-tools for forming and other operations
1065are of high interest.
1066Two major design principles are used to attain forming
1067machines with these increased flexibilities: improved control of
1068the machine movements and increased number of driven axes.
1069Both approaches are used for forming machines with rotating or
1070translational moving tools.

An improved control of the machine axes can be achieved by
1071servo-drives. They can either serve as direct drives [155] or as
1072additional actuators [215]. Numerous examples show the
1073advantages of this approach for presses [155]. The speed of
1074the ram can be adjusted to the specific requirements. In
1075consequence, set-up times can be reduced [203], process limits
1076can be extended e.g. by using a pulsating or oscillating slide
1077motion [155], noise emission can be reduced [51] and additional
1078manufacturing operations can be integrated into the forming
1079process, see Fig. 56 [51]. Similar benefits have also been
1080achieved in machines with rotating movements. By using a
1081start-stop mode in roll forming the continuous operation is
1082stopped at specific points and additional manufacturing steps
1083like stamping, joining or sawing are carried out [1]. Thus,
1084additional manufacturing  processes can be integrated into the
1085roll forming line without major investment and storage of
1086intermediate products is avoided.
1087An increased number of driven axes allows for forming
1088machines with more freedom in the relative movement between
1089tools and workpieces. This freedom of tool movement can be used
1090to shape the specific geometry of a workpiece by driving the tools
1091along specific paths. It opens the possibility to customize products

Fig. 56. Design of a combined forming and brazing process [15].

Fig. 55. Smart hot stamping having resistance heating, quenching, servo press and
hot trimming [140].

Fig. 54. Schematic figure of the hot stamping process [76,143].
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1092 and shift geometrical limits of existing processes by using tool
1093 paths which lead to advantageous states of stresses or forming
1094 zones. Customization is achievable without mechanical changes
1095 but only by changing parameters in the CNC control.
1096 According to the previous study [167], this property of a
1097 manufacturing system is called “reusability”. Since the product
1098 geometry is determined by the tool

́

s geometry and the relative
1099 movement between tool and workpiece tools can be kept
1100 geometrically simpler and do not have to include all geometrical
1101 features of the product geometry.
1102 On the other hand, longer tool paths prolongate production
1103 time and therefore reduce demand flexibility, if larger quantities
1104 are required. A classification of forming processes according to the
1105 necessary degrees of freedom for the tool movements is shown in
1106 Fig. 57.
1107 Several authors have studied possibilities to find beneficial
1108 compromises between the high productivity of forming machines
1109 with low flexibility and the low productivity of those machines
1110 with high flexibility.
1111 Adding more degrees of freedom (DoF) to a 1 DoF process with
1112 rotating tools permits for products with varying thickness and
1113 cross sections. Kopp et al developed rolling processes for strips
1114 with defined thickness distributions in lengthwise or crosswise
1115 direction [88,90]. These technologies make use of roll adjustments
1116 in the thickness or transverse direction.

Increased flexibility of machines is required when these
1117 sheets are used in subsequent forming operations [25]. In roll
1118 forming a continuous adjustment of the gaps between the rolls
1119 is necessary.
1120 This leads to machines with at least one more translational
1121 drive. Adding a translational and a rotational DoF to conventional
1122 roll forming or linear flow splitting mills enables the production of
1123 profiles with varying cross sections in longitudinal direction
1124 [56,153]. While the additional degrees of freedom open up new
1125 possibilities for geometrical flexibility they create new challenges
1126 at the same time. Non-steady states of deformations and loads
1127 create deviations in shape which have to be counteracted. Beiter
1128 [25] showed that roll forming of flexible rolled strips can be used to
1129 create profiles with load optimised cross sections. But due to the
1130 different thicknesses spring back and the position of the neutral
1131 axis are changing in lengthwise direction. This requires additional
1132 adjustments which can be carried out by closed loop controlled
1133 operations [6].
1134 Adding more degrees of freedom to a 1 DoF process with
1135 translationally moved tools permits the implementation of both,
1136 press operations and incremental processes like orbital or single
1137 point incremental forming (Fig. 58).

1138One approach is the installation of a separate device for the
1139additional movement patterns (Fig. 58 left) [50]. Alternatively, the
1140main drive can be split into independent drives (Fig. 58 right).
1141Then, all drives can support all kind of operation modes [54]. By
1142changing the control parameters for the individual drives a
1143conventional press stroke as well as tool trajectories in several DoF
1144are possible.

Free forging of integrated press and multi-axis freedom
1145robot have been investigated. Lilly and Melligeri [115], Kopp
1146and Beckmann [89] studied the effect of integrated press and
1147multi-axis freedom robot. Aksakal et al. [4] studied metal flow
1148in lateral and axial directions, and manipulation  of the
1149workpiece. Wang et al. [203] studied the effects of the
1150incremental bulk forging by integrating a 6-axial freedom
1151robot and an 80-ton link servo press. By integrating 6-axis
1152robot and servo-press, the incremental forging process have
1153high flexibility in the forming process of complex product with
1154some simple tools. The optimized forming process of an
1155arbitrary shape and process condition has been studied
1156numerically and experimentally.

The conventional metal forming process has been character-
1157ized by a high productivity for mass production. This char-
1158acteristics of the metal forming process leads to a rigid product
1159and process spectrum [161]. The mechanical servo press
1160improves the flexibility of the metal forming process with the
1161speed, accuracy and reliability as well as with improved
1162formability [155].

The major challenge for the design of flexible forming
1163machines is the bridging of the gap between high flexibility and
1164low productivity on the one and low flexibility and high
1165productivity on the other side. One approach could be the
1166multiple use of the installed drives in a forming machine: power
1167increase in lower DoF mode and extension of motion pattern for
1168higher DoF modes [54]. One other approach is the combination
1169of multiple flexible machines like demonstrated in Refs.
1170[203,206].

11715.2. Flexibility for smart system operation

1172The geometric inaccuracy arises mainly from the accumulation
1173of elastic springback in the sheet metal during forming (local
1174springback) and the global springback after unclamping (global
1175springback) [124]. To overcome this difficulty, effort has been put
1176into modifying the toolpath prior to the physical experiment and
1177applying the pre-described toolpath in an open-loop manner to
1178reduce the geometric deviation. The most common of these efforts
1179include: non-z-level feature-based slicing [118] and multipass
1180strategy [19,75].
1181Additionally, closed loop control has been used most exten-
1182sively to control errors in geometry (including springback). An
1183adaptive control scheme for the multi-axis bending and twistingFig. 57. Classification of forming processes [54].

Fig. 58. Increased number of DoF by additional drives: left: additional device [50],
right: split drive system [54].
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1184
1185
1186
1187
1188
1189119011911192119311941195119611971198 process based on system identification of process models was

1199 presented by Sun and Stelson [192] as shown in Fig. 59. The shape
1200 errors between the intrinsic geometric quantities of the actual and
1201 desired parts are applied to the inverse identified process models
1202 to calculate incremental changes in axis commands for subsequent
1203 iterations.

Ambrogio et al. [10] tried to form a cone with a larger wall angle
1204 to compensate for springback. To generalize this approach, Behera
1205 et al. [23] proposed a feature-based framework to automatically
1206 detect different features for a complex geometry.

While the new kinematic profile bending processes offers a
1207 great flexibility in production, kinematic bending these pro-
1208 cesses cause a high part springback and as a result, in the need
1209 for compensatory methods are needed to achieve target
1210 contours. Chatti et al. [28] developed a model for springback
1211 compensation of profiles with 3D bending lines to generate NC
1212 data prior to the actual bending process. Staupendahl and
1213 Tekkaya [188] noticed that the control of the orientation of the
1214 cross-section during 3D profile bending results in shear stresses
1215 in addition to the bending stresses and affect part springback.
1216 They presented an analytical model to predict the distribution of
1217 bending stresses as well as shear stresses over the cross section
1218 and use it in bending moment and springback calculations.
1219 Material variations inside a batch, however, cannot be detected
1220 and cause contour deviations. To counter this error, a closed-
1221 loop control system can be used, which can quickly adapt axes’
1222 movements to produce target shapes and thus reduce scrap.
1223 Staupendahl et al. [189] applied developed the closed loop
1224 control concepts tofor 3D profile bending. Using the Torque
1225 Superposed Spatial profile bending process as an example they
1226 described a method for direct closed loop control, using the
1227 measured curvature after springback as a control variable, and
1228 an indirect method, using the bending force as a control variable
1229 as shown in Fig. 60.
1230 Digitized-die forming (DDF) is a flexible manufacturing
1231 technology through which a variety of three-dimensional sheet
1232 metal parts can be produced in a DDF system [112] shown in
1233 Fig. 61. It eliminates the need to design and produce the
1234 conventional die [113]. The central component of DDF system is
1235 a pair of matrices of punches, the punches are controlled by
1236 computer and the desired shape of die is constructed by changing
1237 the heights of punches. Based on the flexibility of DDF, new
1238 forming processes are designed that cannot be realized in
1239 conventional stamping.

However, the determination of the value of the deviations
1240 from the desired shape is mostly empirical, and the application
1241 is confined with respect to the complexity of the desired
1242 geometry and the model accuracy. In the contrary to the
1243 aforementioned open-loop geometric profile error compensa-
1244 tion methods, other research works are focused on the
1245 development of an effective closed-loop toolpath correction
1246 algorithm based on the optical measurement of the different
1247 part shapes, so that any discrepancy will be compensated
1248 iteratively. In 2005, Hirt et al. [67] proposed using the off-line
1249 scanned geometry to compensate for geometric errors. Follow-
1250 ing the same philosophy, Rauch et al. [165] combined B-spline

1251and morphing techniques with the compensation algorithm to
1252enhance the model capability regarding complex geometric
1253features. Fu et al. utilized a wavelet transformation  to determine
1254the compensation function, and parts of the physical iteration
1255process for their algorithm are supplemented with numerical

Fig. 61. Flexible forming with digitized die [112].

Fig. 60. Closed loop control of 3D profile bending [189].

Fig. 59. Multi-axis bending and twisting [192].

Fig. 62. Tool path design of incremental forming [43].
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1256 simulations to reduce the possible experimental cost as shown
1257 in Fig. 62 [43].

Although the aforementioned methods are geometry inde-
1258 pendent, the efficiency of these off-line compensation methods
1259 are all still limited by the multiple physical or numerical
1260 iterations required in the algorithm. Thus, an online compensa-
1261 tion method has been proposed with the combination of the
1262 optimal control theory and an online stereo-vision geometric
1263 measurement system [9]. The proposed framework is further
1264 extended to the general part geometry [63]. Fiorentinno et al.
1265 [40] also proposed an artificial cognitive system based on the
1266 Iterative Learning Control (ILC) to modify the target geometry at
1267 discrete time steps.

1268 6. Summary and future prospects

1269 Metal forming products are key components in various
1270 industries. The manufacturing and market environment has
1271 necessitated the increase of flexibility to tackle the problems of
1272 market-responsiveness and manufacturing competitiveness. In
1273 the future, flexibility will continue to increase.
1274 In this work, taking into account the current state of the art and
1275 future trend as well, flexibility in forming is classified in terms of
1276 increased degree of freedom, physical parameter variation, process
1277 combination and flexibilization of operation for machine, struc-
1278 ture, system and software.
1279 As an important means of increased degree of freedom, various
1280 incremental forming processes have been reviewed. It is expected
1281 to have the expansion of application of incremental sheet forming
1282 processes in the automobile industry, due to the increasing
1283 number of car models with diversified designs. The use of very
1284 simple undevoted tools in sheet manufacture is advantageous in
1285 forming complicated parts with incoming new information and
1286 electronic technologies. To make incremental forming more
1287 flexible, multiple tools and robotic assistance have been intro-
1288 duced in various incremental forming processes with the aid of
1289 more precise automatic control and advanced sensor techniques.
1290 Hard-to-form materials are more and more used for light weight
1291 construction and incremental forming is conveniently employed
1292 by applying heat at the desired areas, which would open a new
1293 potential once the temperature can be properly controlled during
1294 the process.
1295 Long channel-like products or large 3D-rolled plates or sheets
1296 are good success examples of flexible roll forming; flexible roll
1297 forming and roll forming of large plates with generally curved
1298 surface. With further refinement of advanced tooling schemes for
1299 better geometric control of the products, more practical applica-
1300 tions would be expected to be developed.
1301 Generally curved tubes, round or noncircular, are formed by
1302 die-less incremental bending with properly devised tools. Large
1303 tubes or channels can be formed with simple tools by incremental
1304 forming using heat properly.
1305 Incremental bulk forming has long been used by discretely
1306 incremental forming schemes for small and large products at cold
1307 or hot state. The use of robots in forging machine (press) or
1308 specialized CNC controlled incremental radial and/or axial flexible
1309 forming machine have been developed to make geometrically
1310 complex parts including rings.
1311 Flexibility in forming can be effectively enhanced by varying
1312 physical parameters such as new geometric variation even for
1313 continuous forming process such as in plate rolling. This type of
1314 flexibility is important in manufacturing light weight products to
1315 have increased strength in some desired direction or region. The
1316 change of thickness in some specific direction in the rolling process
1317 and various tailored blank preparation by introducing different
1318 thickness at the desired location enables the customized material
1319 strengthening of products.

Flexibility can also be achieved by material disposition using
1320 different materials by introducing joining either by welding or
1321 forming, resulting in differentiated local strength. Another type

1322of material disposition is to introduce a sandwich structure
1323with skin sheets and inner core material for the purpose of light
1324weight construction. It is expected to introduce innovative
1325design and manufacture of inner structure or new materials
1326with good bondability and reasonable formability for widened
1327practical application of light weight products in the industry.
13283D printing of metals has introduced flexibility in making
1329metallic products and especially dies/molds for complicated
1330geometry with diversified high grade materials. New materials
1331and innovative 3D printing technology would further extend the
1332application areas of 3D printing as extended concept of forming
1333products for facilitated increase of flexibility.
1334The use of local or incremental heating is found to be an
1335effective method for tailor tempered metal sheets either in
1336conventional forming or in incremental forming as a means of
1337flexibility increase. Tailored tempering gives flexibility in keeping
1338the high strength in the untempered zone and high shock
1339absorbing capability in the tempered zone. Flexible local heating
1340in conventional forming or in incremental forming such as in
1341spinning, roll forming or pointed tool incremental forming by laser,
1342gas heating, resistance heating, or infrared heating showed
1343increased formability.

Process combination increases flexibility in various ways in
1344metal forming either by combining between conventional
1345forming processes or combining a conventional forming process
1346with an incremental forming process. Since incremental
1347forming takes a long time, incremental forming can be
1348successfully combined with stretch forming or with deep
1349drawing with good advantages, saving the whole processing
1350time. The combination of sheet forming and bulk forming has
1351been successfully tried creating new products with desired
1352properties: forging or tooth forming after sheet metal forming,
1353precision forging after deep drawing, etc.
1354Metal forming can be also combined with non-forming process
1355such as additive manufacturing opening up good future possibili-
1356ties. Preform manufactured by sheet forming was conveniently
1357combined with laser assisted 3D printing reducing the tool
1358manufacturing time, cost and significantly.

Flexibility in forming can be considered from the systemic
1359viewpoint of forming machine, system and related software even
1360for the existing machines. In order to increase the flexibility
1361(mostly geometrical) for the same machine principle, the degree
1362of freedom of the machine should be increased. The increased
1363degree of freedom requires more refined control of the machine
1364to ensure the desirable quality of the product. The servo-press or
13653D servo-press provides higher flexibility for forming of complex
1366parts with accuracy, productivity and reliability. The flexible
1367change of forming schedule in servo press through more
1368advanced forming path control has enabled flexible manufacture
1369of complex products. The challenge coming from the conflict
1370between flexibility and flexibility can be tackled either by
1371multiple use of the installed drives or combination of multiple
1372flexible machines.
1373As mentioned before, the increased degree of freedom by newly
1374adding moving device or die requires advanced adaptive closed
1375loop control scheme to control the geometry precisely.

As shown in this review, numerous flexible forming
1376processes have been developed up to the present day. Some
1377processes readily found their way into industrial application.
1378Examples are flexible rolling processes, open die forging as
1379well as tube bending processes. Flexibilization of a forming
1380process seems industrially viable for a certain range of product
1381spectrum when the introduction of additional degrees of
1382freedom does not sacrifice productivity, typically as in the case
1383for flexible rolling processes. In addition, the loss in produc-
1384tivity caused by flexibilization is leveled by the added value of
1385the individualized product as can be found in aerospace and
1386military applications as well as in production of customized
1387premium consumer goods. Another successful application for
1388flexible forming may be that workpieces are too large to be
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1389 deformed by dedicated dies. Examples are open die forging and
1390 incremental bending of plates for production of large-scale
1391 tubes. Several flexible processes use the plastic deformation of
1392 primary actuators, which plastically deform the parts cross
1393 section, to introduce secondary actuators, which flexibly bend
1394 or twist the plastically deformed cross section to accommodate
1395 more part shape complexity; for example, open-die forging
1396 with combined bending and twisting as well as 3D bending of
1397 tubes and profiles. Shape complexity has been greatly
1398 enhanced by introducing incremental forming processes which
1399 maximizes degree of freedom, especially in sheet forming,
1400 while sacrificing the productivity or lot size capability.

However, further flexibility can be secured with increased
1401 productivity by introducing physical parameter variation, which
1402 can be achieved effectively through geometric variation, material
1403 disposition and local heating, etc. The possibility of controlling
1404 the product properties and the level of productivity is open to
1405 further innovation. Flexibility and productivity obviously are
1406 often conflicting requirements in forming processes. Innovation
1407 of processes is, therefore, greatly required to make compromise
1408 between flexibility and productivity or to make destructive
1409 innovation and breakthrough. Future research directions in
1410 flexible discontinuous forming processes should focus on
1411 redesigning and flexibilizing dedicated tooling towards actuated
1412 systems, thus introducing flexibility with minimally sacrificing
1413 productivity. Great potentials can be also sought by introducing
1414 combination of processes, i.e. either by combining between
1415 conventional processes or combining a conventional forming
1416 process with a flexible forming process, or by combining a
1417 forming process with a non-forming process, still demanding
1418 creative endeavour.

Various approaches are being tried to increase flexibility
1419 through flexibilization of machines, intelligent machine system
1420 and machine-operating softwares. Greater innovative poten-
1421 tials lie in more effective introduction and use of artificial
1422 intelligence.

Even in mass production system, for example, continuous
1423 forming system such as rolling system will depend on the
1424 progress of distributed process control. Besides industrial
1425 demands, there are numerous applications were productivity
1426 does not play a central role, e.g. in the production of customized
1427 consumer goods. With the advent of industry 4.0 and increasing
1428 connectivity of customers and production processes requiring
1429 more flexibility, flexible forming processes and methodologies
1430 could find various new applications in the individualization of
1431 products.

1432 7. Conclusions

The manufacturing  and market environment has necessitat-
1433 ed the increase of more flexibility to tackle with the problems
1434 of market-responsiveness and manufacturing competitiveness.
1435 In this paper, taking into account the current state of the art
1436 and future trend as well, flexibility in forming is extensively
1437 treated and discussed in terms of increased degree of freedom,
1438 physical parameter variation, process combination and flex-
1439 ibilization of operation for machine, structure, system and
1440 software. It is expected to develop more relevant technologies
1441 to enhance the flexibility to meet mass customization and on-
1442 demand manufacturing requirements with desirable produc-
1443 tivity.
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