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Abstract

:

Low geometric accuracy is one of the main limitations in double-sided incremental forming (DSIF) with a rough surface finish, long forming time, and excessive sheet thinning. The lost contact between the support tool and the sheet is considered the main reason for the geometric error. Researchers presented different solutions for geometric accuracy improvement, such as toolpath compensation, adaptation, material redistribution, and heat-assisted processes. Toolpath compensations strategies improve geometric precision without adding extra tooling to the setup. It relies on formulas, simulation, and algorithm-based studies to enhance the part accuracy. Toolpath adaptation improves the part accuracy by adding additional equipment such as pneumatically or spring-loaded support tools or changing the conventional toolpath sequence such as accumulative-DSIF (ADSIF) and its variants. It also includes forming multi-region parts with various arrangements. Toolpath adaptation mostly requires experimental trial-and-error experiments to adjust parameters to obtain the desired shape with precision. Material redistribution strategies are effective for high-wall-angle parts. It is the less studied area in the geometric precision context in the DSIF. The heat-assisted process mainly concentrates on hard-to-form material. It can align itself to any toolpath compensation or adaptation strategy. This work aims to provide DSIF variants and studies, which focus on improving geometric accuracy using various methodologies. It includes a brief survey of tool force requirements for different strategies, sheet thickness variation in DSIF, and support tool role on deformation and fracture mechanism. Finally, a brief discussion and future work are suggested based on the insights from several articles.
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1. Introduction


Ideas need to be converted quickly into products and analyzed to meet the requirements of the industrial revolution. Manufacturing processes having less changeover time and tooling cost can fulfill the prerequisite of mass customization and prototype development. The prototype allows improvement in the design in the early stages of product development. Conventional manufacturing processes require a long time and capital for small batch production and prototype development. Forming operations require component-specific and expensive dies as their design and preparation are time-consuming. In recent years, incremental sheet forming (ISF) has gained significant attraction due to its capability for prototype and small-batch productions with short lead time and generic tooling. In ISF, flat metal sheets are incrementally deformed into complex three-dimensional components using a computer numerically controlled (CNC) generic tool. During the forming, the sheet is peripherally clamped. Higher formability, less forming forces, high geometric flexibility, less lead time, low cost for production of customized and low-volume components than stamping and deep drawing are the salient features of ISF. Furthermore, a wide range of materials can be formed such as steel, aluminum, copper, polymers, titanium, etc. It has considerable potential in the aerospace industry, prototyping in automotive, on-site repair for military applications, personalized products in the medical, architecture, etc. [1,2].



Existing experimental configurations for ISF can broadly be classified into three categories: single-point incremental forming (SPIF), two-point incremental forming (TPIF), and DSIF. In SPIF, a material sheet is clamped peripherally and deformed locally using a small hemispherical-ended tool moving along a predefined toolpath on one side. The local deformations accumulate to impart a required shape to the sheet (Figure 1a). The part accuracy in SPIF is low due to unavoidable and unintended bending of the sheet. The attempts to improve the part accuracy by processing it independently in different regions were unsuccessful. A closed-loop strategy based on spatial impulse responses and partially cut out blank to avoid global deformation was also unable to improve the SPIF accuracy [3,4]. Nasulea and Oancea utilized a circumferential hammering forming tool for improving geometric precision [5]. Different researchers have also evaluated other parameters such as tool size, step size, lubricant type, forming speeds, sheet thickness estimation on formability, sheet thickness, and geometric precision [2,6,7,8,9]. Various options were proposed and trialed; however, part accuracy did not significantly improve in SPIF.



In TPIF, an extra full or partial die is used on the other side of the sheet to enhance the part accuracy (Figure 1b) [7]. Tool diameter, step size, and other parameters for geometric accuracy improvement in TPIF were studied. Improvement in geometric accuracy was reported; however, process flexibility is compromised [4,10]. These limitations in SPIF and TPIF lead to the development of DSIF, which enhances part accuracy while maintaining flexibility. In the DSIF process, a second support tool is used on the opposite side of the sheet, acting as local support for the master (forming) tool (Figure 1c). The CAD/CAM software usually gives the master tool coordinates. The coordinates of the support tool are determined relative to the master tool position. The process sequence is almost similar to the SPIF process except for an additional support tooling and synchronized movement with the master tool (Figure 1c).



Many in-depth reviews on the ISF have been published in recent years. Park and Kim [11] studied the formability improvement by the ISF process. Jeswiet et al. [2] presented a study on the advantages, disadvantages, different variants of the ISF process, formability, and tools used in the ISF process. Reddy et al. [12] presented an overview on SPIF, TPIF, and DSIF effects on accuracy, formability, and surface finish improvements. Behera et al. [13] discussed the progress in the SPIF from 2005–2015 and covered almost all the aspects of SPIF. Li et al. [14] presented a study on deformation mechanism, modeling techniques, forming force prediction, and process investigations. Duflou et al. [1] reported process fundamentals, process window enhancement, toolpath strategies, and simulation work performed in the SPIF process in detail. Ai and Long [15] studied the deformation and fracture mechanics of the ISF process. Lu et al. [16] reviewed the work performed on the geometric accuracy in the ISF field. Peng et al. [17] published the review mainly focusing on the DSIF deformation, fracture mechanisms, and formability improvement. Gohil and Modi presented a detailed review of the effect of process parameters on performance measures such as geometric precision, forming time, surface finish, material yield, and formability, etc., in the ISF process [18]. Tomasz et al. studied the SPIF process with a particular interest in the impact of process conditions on the surface finish and formability limit for lightweight materials [19]. A detailed study into these review papers reveals that the main focus was the SPIF process. Some articles presented a brief comparison of the SPIF and DSIF processes briefly.



The current study examines the geometric accuracy enhancement with DSIF toolpath strategies. In addition, material specifications, component profiles, cause-and-effect analyses, and force requirements for different techniques are discussed in detail. Before examining different toolpath strategies for geometric precision enhancement, the DSIF toolpath generating procedure, sheet thickness distribution, deformation, and fracture mechanism for the DSIF variant, are briefly discussed to understand the process fundamentals better. Finally, discussion and suggestions for improving geometric precision are presented.




2. Process Mechanism of DSIF


2.1. Toolpath Generation for DSIF Process


The toolpath strategy categorizes DSIF into conventional-DSIF (DSIF) and accumulative-DSIF (ADSIF). In ADSIF (Figure 2b), both tools move horizontally outward to form the components. The already processed inner material moves downward by rigid body motion [20,21]. In DSIF, the tools’ downward movement from the outer toward the inner annulus obtains the required profile. The part profile is obtained from the synchronized movement of tools via in-plane and normal to the in-plane direction such as in the SPIF process (Figure 2a).



Both for DSIF and ADSIF, the master tool coordinates (   X m   ,   Y m    and    Z m   ) are obtained from the CAD/CAM software. The position of the support tool in DSIF and ADSIF was defined via two parameters  D  and  S  (Figure 3) by utilizing Equations (1) and (2).


     R s   →  =    R m   →  +  D →   



(1)






     Z s   →  =    Z m   →  +  S →   



(2)




where,  D  is the distance between the axis of the two tools in the XY plane;  S  is the vertical distance between the bottom of the sheet and the tip of the support tool in the XZ plane;    Z m    and    Z s    are the master and support tool position in the XZ plane;    R m    and    R s    is the master and support tool position in the XY plane. In DSIF, parameters  D  and  S  are determined by utilizing the sine law and the normal tool configuration. From Figure 3b, it is evident that   D = d ⋅ sin θ  , and   S =  r m  +  r s  − d ⋅ cos θ +  t o   , where    r m    and    r s    is the master and support tool radius,  θ  is the local wall angle, and    t o    is original sheet thickness. The  D  and  S  should change continuously as part height increases due to the dependence on the sheet thickness at the contact point (   t i   ) (Figure 3b). Due to sine law limitations, they are mostly held constant after the initial setup at the first contour.



In DSIF, a flexible support tool is used, which can change its position regarding the master tool. Based on this flexibility, many tool configurations are derived. The two tool configurations based on local support to the master tools are: aligned (DSIF-A) and normal (DSIF-LN) (Figure 4a). In DSIF-A, the tool axes are parallel and on the same line. In the DSIF-LN configuration, the tool-tip centers are along the local normal at the contact point of the sheet [23]. Due to the support tool’s ineffective utilization at the component opening, the DSIF-A configuration is not frequently used. Therefore, in this work, DSIF-L will refer to DSIF-LN unless otherwise specified. Two other tool configurations based on the support tool locations are DSIF-L and DSIF-P (Figure 4a,b). In DSIF-P, the support tool moves at the part opening to act as a backing plate. It does not take part in the actual forming operation [24]. The support tool coordinates remain fixed at the initial contour, whereas the master tool coordinates are according to the part profile. In ADSIF, Equations (1) and (2) can acquire the support tool coordinates. However, in most cases in the previous studies, the support tool position is determined based on adjusting the parameters  D  and  S  values iteratively with respect to the master tool (Figure 4c) [21,25].



Due to DSIF process flexibility, new toolpaths such as mixed-DSIF (MDSIF), multi-stage DSIF, and hybrid DSIF were derived. MDSIF is the combination of ADSIF and DSIF. In multi-stage, the components are formed in several stages. Hybrid DSIF (where the heat source is also incorporated) executed for geometric accuracy and formability improvement. In a nutshell, the flexible DSIF process can use different toolpath strategies to form components.




2.2. The Role of Thickness Variations in DSIF Toolpath


In ISF, the final sheet thickness is usually calculated by sine law, (   t f  =  t o  ⋅ sin ( 90 − θ )  ) where    t f   : the final sheet thickness after deformation,    t o   : the original sheet thickness, and  θ : local wall angle. The local wall angle can be used to find the thickness at any point in the component of complex geometry. The    t i    (instant sheet thickness) in Figure 3b is not necessarily the sheet thickness predicted by sine law. This difference in    t i    from the sheet thickness indicated by sine law at different forming heights affects the support tool–sheet contacts. It is due to differences in calculated and actual  D  and  S  values. Malhotra et al. [26] initially reported this shortcoming in the sine law while forming the 65° cone. Sine law was used to regulate the gap between the tools. After a certain forming height, the support tool disengaged from the sheet. The process degenerated to SPIF, resulting in early fracture. Squeezing was utilized to improve the support tool–sheet contact; however, it did not ensure accuracy.



According to Moser et al. [27], successfully maintaining contact between tools and the sheet can improve sheet thickness distribution, increase material formability, and reduce early fracture. In their view, factors responsible for the tool–sheet contact lost problem were an inaccurate prediction of thickness predicted by sine law, tool misalignment, and ignoring machine compliance effect. They concentrated on sheet thickness problems in their work and the spring back and machine compliance for the shamrock section with a 65° wall angle. Preliminary work in LS-DYNA determined the thickness profile. The D and S adjustments were according to the projected thickness of the sheet. The sheet thickness distribution was decoupled from wall angle and was associated with in-plane curvature and part height. The gap determined by sine law leads to disengagement of support tools, whereas the new approach works effectively. However, their work was specific to the shamrock part. For 90° wall angle, the sheet thickness becomes zero according to the sine law. Moser et al. [28] modified the sine law for the vertical wall angle component to prevent the tool gap from approaching zero.



Otsu et al. [29] compared the sheet thickness distribution for SPIF and DSIF-L. SPIF does not observe the sheet thickness variation at the part opening due to global bending effects. In DSIF, the variation in sheet thickness is started from the beginning (Figure 5). It was attributed to the strong restraint on the sheet by the tools from both sides. The wall thickness predicted by sine law was 0.32 mm. As evident from Figure 5, the thickness acquired with DSIF-L is relatively closer to the sine law prediction along the complete section; however, it does not match the thickness predicted by the sine law.



Bin Lu et al. [30] compared the DSIF-L and DSIF-P strategies for wall thickness variation in a 0.5 mm sheet. No significant difference was observed in the sheet thickness acquired with DSIF-P (0.463 mm) and DSIF-L (0.461 mm). The slight difference for the DSIF-L, being on the lower side, was attributed to the local squeezing of the sheet. Malhotra et al. [31] compared the ADSIF and SPIF and observed that the sheet thickness acquired with ADSIF was on the lower side. The sheet thickness variation is minimum across the complete part height compared to SPIF. Zhang et al. [32] compared the sheet thickness variation in DSIF-L, ADSIF, and MDSIF. The thickness profile of the DSIF-L deviates relatively more from the sine law prediction, whereas the ADSIF and MDSIF processes were reported to be closer to the sine law curve.



The sheet thickness variation is the main study in SPIF [33,34,35,36]. In DSIF, the sheet thickness variation is relatively better than SPIF; however, the unpredicted thickness variation leads to ineffective tool–sheet contact, which degenerates the process to SPIF. Formability, deformation be improved by avoiding support tool–sheet lost contact.




2.3. Deformation and Fracture Mechanism in DSIF


Because of the increased compressive force provided by the support tool, it is usually assumed that the DSIF has higher formability than the SPIF. The support tool must maintain constant contact with the sheet to benefit from the compressive force. Meier et al. [37] utilized the support tool with 300 N force in the DSIF-L orientation to ensure the support tool–sheet contact and reported a wall angle of 72° for the hyperboloid component. An earlier study in SPIF could not acquire a wall angle of more than 65°. The support tool force helped in increasing the formability by 12.5%. According to Malhotra et al. [26], the DSIF toolpath improves precision and formability by stabilizing distortion within a narrow zone surrounding the tool’s contact site. B. Lu et al. [38] observed the evolution of fracture depth in AA7075-T6 with varying squeezing force. For squeezing force less than 240 N, there is no significant change in the fracture depth, and the tool squeezing does not make any apparent effect. Squeezing force from 240 to 480 N increases the formability from 20 to 30 mm. Increasing the squeezing force to 560 N harms the fracture depth (Figure 6). It was analytically proved by a sudden drop in stress triaxiality point for stresses in the 240–480 N range. As illustrated in Figure 7, the forces in this range were observed for various support tool adjustments (without tool shifting is DSIF-L orientation, whereas with tool shift is support tool adjustment in the middle position between DSIF-L and DSIF-A). The increasing squeezing force with tool shift adjustments positively impacts formability improvement than the other tool adjustments. The fracture occurred in both cases in the sheet region, which was in contact with a master tool, emphasizing the relevance of the support tool in delaying the fracture. Under excessive-high contact pressure and high friction, the tools may “clamp” and “stretch” the sheet in the moving direction, leading to high tensile stress conditions around the deformation zone and early failure of the sheet.



Valoppi et al. [39] utilized the analytical model proposed by B. Lu et al. [38] to investigate the fracture characteristics of Ti6Al4V sheets in the electric-assisted DSIF (E-DSIF) process. The deformation region was divided into three zones (Region-I, II, and III) to investigate the relationship between the E-DSIF fracture surfaces and the stress state (Figure 8). Region-I and III experience meridional tensile stresses, and Region-II experience compressive stresses due to support tool squeezing. They reported that the outer Region-III is more susceptible to fracture due to reduced radial thickness, local bending, more circumferential stress due to tool movement in that direction. It was further exaggerated by current, which increased through the thickness-shear too.



Zhang et al. [40] analyzed the strain evolution for clover flange (Figure 9). Increased circumferential and reduced meridional strain improved formability in stretch flanging. Meridional tensile and the localized deformation mode improved the formability of shrink flanging. With meridional tensile and circumferential compressive, the risk of wrinkling is minimized. With this combination, the strain state was close to pure shear, which was stable for sheet metal forming. Moser et al. [41] investigated the shrink and a stretch portion of the shamrock part. The shrink portion experience a mixture of negative strain (compressive force) and stretching. It resulted in an enlarged contact region of the support tool with the sheet, which helped effective tool–sheet contact. The support tool–sheet contact was not intact in the stretch flange as the formed height increased. It leads to a loss in squeezing, and the process becomes degenerated to SPIF having less geometric precision and formability.



In ADSIF, local bending of the sheet around the tool, a squeezing action due to the support tool, and shear perpendicular to and parallel to the tool motion improved formability [20]. Malhotra et al. [42] have shown that raising hydrostatic pressure and increasing through-the-thickness shear reduces the potential for sheet metal to fracture during the forming process. The higher hydrostatic pressure in ADSIF due to the support tool’s effective contact with the sheet prevents shear bands from forming. If shear bands do form, the compressive load state stops voids from expanding further, preventing material fracture. Davarpanah et al. [43] hypothesized that the support tool’s continuous contact with the sheet improved formability.



In a nutshell, the successful contact of the support tool with the sheet increases the formability and delays the fracture, as evident in the previous studies. The unpredicted thickness variation during the DSIF process, on the other hand, leads to incorrect tool gap adjustment, which in most cases degenerates the DSIF to SPIF and early fracture. It has relation to component geometric precision and is examined in the next section.





3. Accuracy Improvement in DSIF Process


This section presents the geometric error in the part’s various locations generated during the ISF process. Then, the ISF benchmarks shapes are summarized. Finally, the researcher’s toolpath strategies for improving geometric precision are presented.



The required and form profile difference is considered a geometric error [44]. In most cases, the required geometric accuracy for commercial parts is ±1 mm. In some cases, it becomes much stricter up to ±0.2 mm. The reported accuracy in ISF is still struggling to achieve these values [16]. There are mainly three regions where a geometric error occurs in the form part: (a) sheet bending between the sheet support at the periphery and current tool position (b) in-accuracy at the wall region: The error source in this region is due to (i) tool and machine compliance (ii) in-process springback (iii) post-springback after part un-clamping from the fixture. These errors are considered a challenge, and researchers have utilized different techniques to overcome the root cause for these errors (c). The unwanted curvature at the final product base (the pillow effect) is seen below (Figure 10).



Cone, pyramid, and funnel are some of the benchmark shapes trialed by researchers in ISF (Figure 11). Besides, based on the specific challenge, some researchers have worked on other profiles such as fish fin, shamrock, ellipsoidal, etc. For pyramid, length and width at the part opening are the same unless otherwise specified. Therefore, in (Table 1, Table 2 and Table 3), in the part size column, O is used to represent both the length and width of the pyramid, whereas, for cone and funnel, it is the diameter. In the funnel, the wall angle changes continuously. It is minimum at the part opening and increases along with the part height. The part errors in this study, in most cases, represent the under-forming part. Errors defined with the plus-minus sign are for over and under-forming parts.



The main focus of the early research was to validate the process’s capability to form complex parts. A robot having a 15 kg payload capacity was utilized by Meier et al. [24] to form a cone from the AA 99.5 sheet. The formed part in some regions was undersized due to material springback and oversized at others due to the machine compliance. The part accuracy became homogeneous with the heavy-duty (360 kg payload capacity) robot, as the machine compliances was reduced. Wang et al. [45] formed a complex part having curvature on both sides of the sheet without changing the setup. The machine used was a milling machine. SPIF and DSIF processes were compared for geometric accuracy by forming a sphere on the same blank. DSIF enhanced the accuracy at the part lower region, whereas SPIF performed better at the part opening area than DSIF. The reason was that a sphere was formed first with DSIF, which increased the sheet stiffness. SPIF took advantage of this increase in sheet stiffness for precision improvement at the component opening. Due to the C-frame structure utilized in their work, they were able to form parts with the wall angles in a certain range. While studying the effect of the tool gap for formability enhancement, Wang et al. [46] recommended 0.8–0.9 times the thickness of the original sheet. The machine used was a lathe machine, which can mainly be used for symmetric shapes. Based on these preliminary works, DSIF comes to attention due to its adaptability with a different setup and complex part flexibly forming capability.



Researchers have implemented different strategies for geometric accuracy improvement. For the sake of simplicity, it is divided into four sections. (i) Based on compensating errors in the conventional DSIF toolpath. Such errors may arise due to the (a) machine and tools deflection (b) material springback (c) inaccurate wall thickness predicted by sine law. (ii) Based on toolpath adaptation such as (a) conventional DSIF toolpath is changed for both tools (b) support tool changes its position regarding the master tool (c) both tool’s toolpaths are reformed based on component features; (iii) based on material redistribution with multi-stage toolpath; (iv) heat-assisted process to reduce the material flow stress and is suited for hard-to-form material. This classification is not much stricter. It can be interchanged and can be used in a hybrid manner too.



3.1. Geometry Accuracy Improvement by DSIF Toolpath Compensation


Toolpath improved the geometric precision by compensating it with different factors such as (i) squeezing the sheet between the two tools, (ii) applying tool gap correction algorithm, (iii) maintaining support tool force to some values with a control algorithm (iv) in-situ springback error (v) machine, tool, and sheet deflection compensation. Effects of the above-described factors on the component geometric precision are displayed in Table 1 (NR in Tables stands for not reported).



Meier et al. [47] utilized two methods to determine the toolpath deviations from the target path: simulation and optical sensor. Forces determined from the simulation were applied to a multibody system that represented the machine/robot. Toolpath was corrected based on multibody deviation values. With the optical sensor method, part forming was performed in two iterations. In the first iteration, the optical sensor obtained the toolpath deviation. The second compensated toolpath reduced the error significantly (Figure 12). The toolpath deviations include the part springback and machine compliances. Later, Meier et al. [48] presented a complete DSIF toolpath planning and generation procedure.



Malhotra et al. [26] formed a cone having dimensions of 130 (diameter) × 36 mm (height) × 65° (wall angle) by using various sets of squeeze factors (1.0, 0.9, and 0.85). The geometric accuracy obtained at a part wall region with DSIF improved compared to SPIF. The faster stabilization of the deformation into a localized zone around the tool’s contact area improved the formability and accuracy. They reported the support tool–sheet lost contact after a certain forming height. Due to the tool–sheet losing contact, the part fractured at approximately 22 mm height, which was less than the required height of 36 mm. For improved geometric accuracy, the gap between the tools should be smaller than the thickness of the contact area; otherwise, it may suffer from the loss of contact between the sheet and the support tool, which will degrade the DPIF process into the SPIF process.



To overcome the tool–sheet contact problem, Moser et al. [27] derived and utilized a toolpath correction algorithm instead of sine law for tool gap determination that incorporates forming height, in-plane curvature, and tools motion direction. Using a novel technique, they efficiently avoided the tool–sheet contact problem and improved the formability to 31.2 mm height. On the other hand, the method is specific to the shamrock component and must be generalized.



Ren et al. [49] utilized the horizontal force control algorithm on the support tool to maintain effective contact with the sheet. The algorithm successfully formed complex components such as a cone, pyramid, funnel, and fish fin. Due to stabilization pressure and successful support tool–sheet contact, the geometric error of the cone was reduced from 2 mm to 1 mm. It improved the 65° funnel formability from 19.1 to 22 mm (15% increase). Ren et al. [50] combined the force control algorithm with the simulation-based in-situ springback method. With the combination of these two strategies, the component’s geometric precision improved substantially (within ±1 mm). The critical technological contribution was the effective identification and utilization of control points. ABAQUS/Explicit was used as the numerical tool to calculate in situ spring back value for these control point to modify the toolpath for spring back compensation. Determining springback compensations from simulations takes time, and implementing the force control approach is complicated. Further work on these two aspects can be helpful in DSIF geometric precision context.



Lingam et al. [23,51] incorporated sheet and tool deflections compensation in the DSIF toolpath and formed components such as cone, funnel, and parabolic. Geometric precision improved both at the wall and the bottom region. The strategy has some limitations (i) it works well for fixture symmetry (ii) deflections should be small compared to sheet thickness, which limits it for a part size up to 200 × 200 mm. Membrane forces experienced by the middle plane of the sheet due to stretching resist the applied transverse load as the sheet deflection increases beyond its thickness. Praveen et al. [52] utilized a combination of small deflection earlier used by Lingam [23,51] and membrane theories to predict and compensate sheet deflections for small and large components. An effective empirical model was developed to estimate large-size components’ sheet and tool deflection. The model was verified by forming geometries such as varying wall angle axisymmetric and a free-form component with a maximum opening size of 610 mm. A compensated toolpath reduced the average error to less than 0.80 mm (Figure 13). Although the accuracy enhanced significantly; however, the support tool did not maintain contact throughout the process due to machine compliances error. The machine tool elements traverse large distances while forming large components; thus, the possibility for an increase in the magnitude of machine tool errors also increases. Konka et al. [53] compensated machine error in the toolpath based on the grid-based method along with the tool and sheet deflection errors. Average accuracy improved further to less than ±0.5 mm. In addition, the support tool had maintained contact with the component throughout the process.



A pyramid with straight walls was considered a challenging shape in DSIF due to the transition from convex to straight-wall region. The master tool–sheet contact area is much larger than the support tool–sheet contact area due to the convex contact between the master tool and the sheet. In this way, although a support tool is employed in the DSIF process, it is only connected with the partial sheet deformation area [54]. With the SPIF and DSIF process, Otsu et al. [29] created a pyramid part with a 70 mm outside diameter and 17 mm height without toolpath compensations (Figure 14). The DSIF process shows the potential for geometric precision improvements compared to SPIF. S. Ullah et al. [22] improved the geometric precision of the pyramid shape for AA7075 and DC04 with the D-DSIF strategy (where D stands for double/dual-stage). They used normal step size in the first stage and incorporated the part error incrementally in the second stage step sizes, which improved the geometric precision to 0.33 mm in AA7075 and 0.57 mm in DC04. In order to maintain a support-tool sheet contact, they utilized the straight-line equation instead of using the sine law only. The D and S changed continuously as the part height increased. The mechanism which possibly degrades the asymmetric component’s geometric accuracy in DSIF was presented. The different circumferential position was trialed for the support tool with respect to the master tool. Based on their study, the support tool should support the master by less than 10° in the circumferential direction in asymmetric components to improve the geometric precision. A higher deviation of the support tool from the master tool local normal can increase the geometric error due to; (i) reverse bending of the sheet due to the support tool lagging movement behind the master tool (ii) ineffective squeezing of the sheet at the required region.



Störkle et al. [55] presented an optimized model that can reduce geometric error based on different angles between the tools and the support tool force. However, the application of this model yet needs experimental verifications. Most of the work in this section focused on maintaining tool–sheet contact to improve geometric accuracy. In most cases, formulas, simulations, or algorithms are used for this purpose.




3.2. Geometry Accuracy Improvement by Toolpath Adaptation


In DSIF, the second support tool gives more options for toolpath design. It can benefit from different tool positions, changing toolpath, and adjusting support tool force techniques for accuracy improvement. Table 2 presents some work carried out by researchers for accuracy improvement by toolpath adaptation.



Meier et al. [37] utilized an adjustable support tool capable of applying force on the sheet and master tool to avoid the tool–sheet lost contact problem. The support tool was also capable of orienting its position (angle) to the master tool to find the optimal location. DSIF-L and DSIF-P were trialed with this setup. For DSIF-L, optimal support tool force and position were obtained by trial-and-error experiments. Optimized parameters (support tool force of 300 N and shift angle of 30°) were obtained for the hyperboloid part and were tested on the truncated cone. In DSIF-P, a maximum wall angle of 64° and DSIF-L achieved 72°, increasing the formability by 12.5%. In DSIF-L, the support tool provides enough support (as it was force control) to the master tool, provides greater geometric accuracy than DSIF-P for complex parts (Figure 15). The main limitation of the process was to find the optimal support tool force and angle by trial-and-error tryout procedure for new shape components, which makes the process time-consuming.



Bin Lu et al. [30] did a similar study for the missing geometry of the defective skull formed from titanium alloy. The geometric error was up to 5 mm at the component opening as utilization of the support tool does not fully compensate for the effect of the backing plate. The error was further aggravated by 3 mm after trimming. It was due to the reduced stiffness around the edge. Although the part geometric error was higher, other ISF techniques struggled to make a component from the titanium. A simulation-based study for a cone was conducted to compare DSIF-L, DSIF-P, and SPIF. In both studies, DSIF-L performed better than DSIF-P [56].



Malhotra et al. [31] introduced a novel ADSIF toolpath strategy to maintain a successful contact between the tool and the sheet. ADSIF and DSIF were compared for cone profiles having 40° and 50° wall angles. Other parameters such as material (AA2024), sheet thickness (0.5 mm), tool diameters, step size (0.025 mm) were kept constant. ADSIF gives better geometric accuracy. DSIF could not form the part with a 50° wall angle as the part fractured earlier (Figure 16). ADSIF faces two challenges (i) better geometric accuracy is obtainable with low step size only (ii) Unlike out-to-in DSIF, the component shape in ADSIF is not directly acquired by the motion of the tools. It is obtained by the accumulation of previous rigid body deformations. The relationship between the desired shape and toolpath parameters is not apparent. For optimal parameters determination, trial and error experimentation is required. Both these limitations make the process time-consuming.



MDSIF was trialed to overcome the long processing time limitation of ADSIF. It contained ADSIF in the first iteration and DSIF in the second iteration with tool squeezing. Zhang et al. formed a pyramidal part with a concave pocketing on each face with MDSIF having step sizes of 120 μm, 100 μm, and 80 μm. The component geometric precision was compared with DSIF, at a step size of 100 μm and 25 μm. These step sizes (in MDSIF and DSIF) were trialed with squeezing factors of 1, 0.90, 0.80, and 0.75. In DSIF, with the decrease of the squeezing factor, the influence of the reduction of step size on the improvement in geometric accuracy becomes greater. However, it makes the process time-consuming. MDSIF (with a step size of 100 and 80 µm and squeeze factor of 0.8) gives the best result for geometric accuracy. MDSIF almost reduced time consumption with a step size of 100 µm and a squeezing factor of 0.8 to half compared to the ADSIF process with a step size of 25 µm, which took 7 h. Reducing the squeeze factor further to 0.75 in the MDSIF process reduced the accuracy. They observed a deeper-than-designed final part due to the rigid body translation. They reported that fine-tuning of squeeze factor and step size for any machine and part geometry in MDSIF could outperform the DSIF and ADSIF processes [32]. Although the processing time is reduced, it is still more than the conventional-DSIF process. A relationship was developed between the toolpath parameters and desired geometry to overcome the ADSIF second limitations [25]. The approach was specific to the cone part. Some of the inputs, such as relative tool angle and tool gap, were extracted from the experimental setup, making it hard to generalize. Ren et al. [21] reported that ADSIF without machine compliance is less effective than DSIF, whereas compensated ADSIF gives more geometric precision than the compensated DSIF.



Wang et al. [57] utilized a pneumatically-controlled support tool to see the effect of reverse bending and squeezing on a formed part springback. It moves independently with respect to the master tool as it was not position controlled. Reverse bending has a far better effect on springback control than squeezing. It improved the geometric precision to ±0.25 mm. However, over-bending caused by reverse bending leads to a reduced wall angle and accuracy degradation. Deflection in the formed area in Figure 17b was related to the two main factors. First, it may be due to master tool deflection, which paves the way for the support tool to go upward (as pneumatic system provide 300 N force to the support tool regularly to maintain support tool–sheet contact). It leads to over bending of the already formed wall. The second reason they attributed was to the excessive sheet thinning than predicted by Sine law. This excess sheet reduction paves the way for the support tool to go upward. Based on the comparison of 45° and 60° wall angle components, they observed that a large wall angle part would lead to more over bending. They suggested that machines should have fewer compliances or use compensated toolpath to reduce the over-bending effect for such components [58].



Zhu et al. [59] studied the continuous contact and points-contact base DSIF. In the points-contact, the support tool made contact with the sheet at those points only for which the master tool coordinates were available. The support tool was disengaged intentionally in the intermediate region. It reduced the error at the part base having prominent indents on the form part at the contact point.



Geometry accuracy improvement for a single feature part cannot guarantee that the DSIF process will work equally well for multiple feature parts. Lingam et al. [60] conducted experiments to demonstrate the effect of feature-forming sequences on geometric accuracy. Forming components from the outer-to-inner direction has shown advantages for geometric accuracy improvements. The stiffness developed in the sheet while processing the outer feature helps in reducing global deformation and improved geometric precision. Lingam et al. [61] further reported a methodology to recognize features from free-form components. To generate a toolpath, the authors sliced the recognized features via horizontal, inclined, or offset strategies. Based on the best feature forming sequence and process mechanics, the maximum deviation between the formed and required geometries was lesser than 400 µm. Ndip-Agbor et al. [62] performed features recognition based on z-level slicing. When features were formed from the inner towards the outer, accuracy was improved as more virgin material was processed. The dichotomous sequence defined by Lingam et al. [61] and Ndip-Agbor et al. [62] may be due to the form part profile difference. Zhu et al. [63] developed an automatic toolpath generation method for multiple feature parts based on stereolithographic (STL). The toolpath for early research was based on the STEP or IGES model to verify their theories. The reason to consider STL-based toolpath was due to its wide applications in rapid prototyping and reverse engineering. A complex part having an upward and downward protrusion on both sides was formed. A maximum error of 3.12 mm was reported and was attributed to springback. STL-based toolpath has the potential to generate an effective toolpath for complex parts.



The forming accuracy improvement in ADSIF with a step size of 25 µm, MDSIF (100 µm), and reverse bending strategy (20 µm) increase the forming time. Various researchers have attempted to shorten the ISF’s long processing time, but no significant improvements, limiting the ISF to prototype and small bath production [64,65]. Although the DSIF process benefited the process forming time due to low tooling requirements, such a small step size can negate the DSIF benefit. Ren et al. [50] tried to reduce the springback with a relatively large step size (0.5 and 1 mm), but instead of correcting each step individually, they did it after a particular forming height. Their work was simulation-dependent, which makes it time-consuming. S. Ullah et al.’s [22] strategy of incrementally incorporating springback in each step (large step size) can improve geometric precision and forming time. To see the effectiveness of their strategy, they compared the four best toolpath strategies based on grey relational analyses on a single platform for geometric precision. The toolpath strategies trialed in their work were DSIF, D-DSIF, ADSIF, and MDSIF. Besides geometric precision, the other quality parameters considered were surface roughness, forming time, and formability. Based on their work, their strategy surpassed the remaining toolpath strategies. Furthermore, changing process parameters and part complexity affect the properties differently [66,67,68,69,70,71]. The post-forming properties evaluation, forming time, and other limitations need to be focused on parallel with geometric precision.




3.3. Geometry Accuracy Improvement by Multi-Pass DSIF


Material distribution by multi-stage toolpath strategies can be obtained, especially for high wall angle components. The low wall angle’s part deformed without decreasing the thickness substantially as more material is available for processing. In the high wall angle part, the sheet becomes thin as a small sheet region is available for forming. Zhang et al. [72] formed a clover flange by incrementally increasing the diameter in each pass. Geometrical accuracy improved at the stretch flange without acquiring the required height. The forming height error was due to an interaction between the stretch flange and the shrink flange. For shrink flange, the geometric error was 3.76 mm. Moser et al. [28] utilize multi-stage DSIF (corner pushing strategy and flat bottom strategy) for a cylindrical part having a diameter of 60 mm and height of 28 mm from the aluminum. In the corner pushing strategy, the sheet metal was pushed into the corner, whereas in the flat bottom approach, the flat bottom depth was increased in the subsequent step. The corner push strategy gives a maximum wall angle of 72°, having geometric error up to 10 mm at the part bases. Increasing the wall angle between subsequent stages can result in wrinkling, leading to form part in more stages. The flat bottom yielded 86° and reduced the error at the part base. Upon reducing the number of passes in the flat bottom strategy, the part fractured at 82°. The number of passes required in both techniques increased the processing time than the normal DSIF process. They observed that increasing the total number of stages increases the maximum achievable wall angle at the cost of additional rigid body translations, which are difficult to predict. In addition, the prediction of material thinning is not solely dependent on the wall angle or geometric features, which adds to the challenge of maintaining tool contact with the part being formed.




3.4. Geometry Accuracy Improvement by Heat-Assisted DSIF


The desired geometry is formed by deforming the metal to yield stress at the required region. The yield stress of a material has a relation with temperature. Generally, the yield stress and temperature have an inverse relationship [73]. Increasing temperature results in lower forming forces provided the constant strain rate. In ISF, researchers utilized this factor for formability and accuracy improvement of the metal. Many researchers used the heat-assisted SPIF process for metal forming [74,75,76]. Due to its flexible nature, heat-assisted DSIF is also trailed, especially for hard-to-form material. Springback during the forming process in such metals is one of the reasons for inaccurate geometric accuracy. Attempts made by researchers to overcome this issue during forming are as shown in Table 3.



Meier and Magnus [77] trialed DX54D at 600 °C with SPIF, heat-assisted SPIF, and DSIF. Part accuracy was out of scale for SPIF and heat-assisted SPIF. The error was reduced to 1 mm in the component formed with the heat-assisted DSIF process. Asghar and Reddy [73] formed a pyramid from the titanium by utilizing a high-density pulse current in DSIF. The tool-setting was changed from the normal to align configuration after 6.35 mm part height. The part was formed up to 25 mm successfully. It was reportedly the first trial of titanium forming with DSIF; therefore, the component accuracy was not reported. The main focus of their study was formability improvement.



Hybrid-EDSIF, E-DSIF, and E-SPIF (E is for electric) were used to form a cone from AZ3B1. In hybrid E-DSIF, for the fillet region at the part opening, the toolpath mode was DSIF-P. After deforming the fillet, the toolpath mode switched to DSIF-L. Minimum springback was observed in part formed with HE-DSIF. Its geometric accuracy improved significantly as the average error was less than 1 mm (Figure 18). Their work compared the error after unclamping and trimming, although the geometric error during forming took the most significant error percentage. Geometric error in the part after unclamping and trimming could decrease with E-DSIF. They also pointed out that the materials with more significant electrical resistance will be energy efficient in the E-DSIF [78].



Valoppi et al. [79] deformed Ti6Al4V alloy at room temperature and observed a crack at 4.58 mm forming height. Electric-assisted ADSIF and MDSIF were used to make the same parts. ADSIF has the advantage in the electric-assisted process as it can maintain consistent tool contact during forming with the sheet to avoid sparking. Formed parts with both strategies were compared at different current levels. For geometry accuracy and formability improvement, E-MDSIF outperformed the E-ADSIF (Figure 19). In MDSIF (ADSIF + DSIF), material first moved from the inner to the outer circumference in the E-ADSIF stage and redistributed material during the E-DSIF. It was due to the two-stage forming. Valoppi et al. [39] emphasized the support tool design improvement to expand the compressive area between the tools. It can enhance formability, which can lead to better geometric precision.



Kiridena et al. [80] investigated post-process springback reduction by utilizing eclectic assisted processes. Three configurations were tested: through-thickness, path base, and area base treatment. The area-based configuration gave the best qualitative results; however, it was the least energy efficient. Though the through-thickness technique was energy efficient; however, it required fine-tuning and made it time-consuming. Zhang et al. [81] investigated the post-process springback reduction on the component formed with the SPIF process. Under ideal conditions, the stress-relief annealing procedure reduces post-process springback (250 °C and 1 h). An adverse effect on the springback reduction was observed when the part temperature was increased from the optimal temperature. Post-process springback reduction techniques can be integrated with all the ISF variants. Although heat-assisted methods have improved the formability of hard-to-form metals, high residual stresses may arise during the forming process due to cyclic expansion and contraction, which can impair material strength.




3.5. Forces Effects on Geometric Precision Improvement


Sheet squeezing between the tools is the most significant factor differentiating the DSIF from the SPIF process. It is clear from the literature that keeping the support tool in contact with the sheet enhanced geometric precision. To maintain the tool–sheet contact, researchers usually used two strategies (a) squeezing by a gap (SBG) (b) squeezing by pressure (SBP). SBP strategies utilize a pneumatic jack or robotic arm for the support tool to apply force to ensure the support tool contact with the sheet. Table 4 displays the master and support tool forces for various toolpaths (M for master, S for support in Z-direction, MR, and SR for master and support tool force in a radial plane). Type of toolpath, step size, tool diameter, feed rate, and material type are listed from the literature to obtain the ideas about the forces required for different strategies and under what circumstances. It is evident from the table that SBG strategies can be applied to toolpath compensation and adaption equally.



Regarding SBG strategies, Malhotra et al. [26] observed that the master tool force was in the range of 1200–1400 N when the support tool was in contact with the sheet. As soon as the support tool disengaged from the sheet, the rapid loss in force became apparent. Ren et al. [49] used the horizontal force control algorithm on the support tool to ensure the support tool’s contact in the radial direction (XY plane). Continuous contact of the support tool with the sheet increased the formability of complex components. Lingam et al. [23,51], Praveen et al. [52], and Konka et al. [53] utilized the empirical formula for tool and sheet deflection determination and calculated the forming forces. The compensated master tool toolpath based on empirical formula ensured 50–70 N force contact between the support tool and the sheet. With this small support tool force, they improved geometric precision and formability. They manufactured the large industrial part successfully. Malhotra et al. [31] utilized an ADSIF strategy. With a 0.5 mm thick sheet, the force requirement in ADSIF in Z-direction is about 425 N for the master tool and 280 N for the support tool. The in-plane force requirement was reported higher (220–274 N for the master and 80–160 N for the support tool) in ADSIF, and it is as large as the Z-direction. These are larger forces with the smaller step size, tool diameter, and less sheet thickness (these conditions usually lead to fewer force requirements [13]). In thick sheets, the forces required may increase, lowering process energy efficiency and maximizing master tool deflection which can decrease ADSIF geometric precision. The second D-stage of MDSIF increases the support tool force to 200 N upon squeezing the sheet by 0.80 times. The squeezing of the already treated stiff sheet with ADSIF causes an increase in support tool force [82].



Regarding SBP strategies, Meier et al. [37] utilized a support tool force of 125 N. Although the support tool contact improved the geometric precision; however, the trial-and-error procedure to find the optimal force value along with tools ideal location is time-consuming. Wang et al. [57] utilized the pneumatically supported tool. The higher support force provided by the pneumatic jack has improved the formability of the most challenging material. The step size is small (after the ADSIF) and can lead to more forming time.



In SBG strategy, the support tool force requirement is higher for toolpath adaption strategies such as ADSIF and MDSIF. These higher forces are with small step sizes. Increasing the step size will further increase the force requirement and degrade the geometric precision. The toolpath compensation strategy works well with SBG strategies, as it leads to low support tool forces requirement with a large step size. The larger step size may reduce the forming time, whereas the low support tool force may help in improving the surface roughness. SBP strategy can improve the formability more effectively; however, it can degrade the surface roughness.



The master and support tool forces may be uniform for the axis-symmetric components. For asymmetric, the forces required for both tools may change at different sections of the part as the master tool force requirement for the pyramid varied at different positions in SPIF [83]. While working on commandant force for the support tool in the XY plane for improving geometric precision and formability, Ren et al. [49] observed the force variation in the range of 100–200 N for the pyramid shape, whereas it was the same for cone and funnel (axis-symmetric component). The support tool force variation for complex profiles makes the force control method unreliable and difficult to implement for geometric precision improvements.



In SPIF, a detailed study regarding the relation of the forces with different parameters such as step size, tool diameter, and sheet material thickness is reported. The forming forces requirement increased as the tool diameter, wall angle, incremental step size, and sheet thickness increased [84,85,86,87,88,89]. From Table 4, it is evident that there is no systematic study regarding the forces on the tool. One reason may be the DSIF’s flexible nature as it can be conveniently adjusted to any success in SPIF or TPIF. In DSIF, besides the four factors (tool diameter, wall angle, incremental step size, and sheet thickness) studied extensively in SPIF, the support tool is seemed to have significant relation with the master tool forces requirement. Increasing support tool forces can increase the master tool force requirements, which require further research to improve the process’s geometric precision, as increasing forces can increase the tool deflections.



The unsatisfied surface quality by ISF is the most investigated factor with geometric precision, which has impeded the process application in the industrial sector. It is critical to determine the impact of different process parameters on surface roughness with geometric precision. The primary influence of tool diameter and step size, and the secondary effects of lubricant type, spindle speed, and feed rate, were reported in SPIF and TPIF [90,91,92,93,94,95,96]. The impact of tool profiles, such as hemispherical and rolling tools, was also examined [97,98]. Skjoedt et al. [99] and Li et al. [7] improved the surface roughness with interpolators in SPIF and TPIF. The interpolator is the additional thin sheet between the tool and the required sheet. The interpolator used in TPIF for surface roughness improvement can be extended to DSIF to check its effectiveness for geometric precision along with surface roughness improvement. Li et al. [7] reported that interpolator does not affect the forming forces requirement in TPIF. In DSIF, due to the additional flexible support tool, interpolators on both sides can affect the forming force requirement. The utilization of an ultrasonic-assisted technique [100] in conjunction with an interpolator can improve surface roughness and geometric precision.





4. Discussion and Future Work Recommendations


DSIF is still neglected at an industrial scale due to its low geometric accuracy compared to conventional sheet metal forming methods. Regarding formability, DSIF has better results than traditional sheet metal forming. Surface roughness and long processing time, which are also the main challenges in DSIF, are not focused on to date. Regarding geometric precision, researchers have implemented optimal techniques and achieved better results. However, these techniques are not generalized or sometimes difficult to be incorporated into the process. Discussion and future work based on the insight from the articles as mentioned earlier are as follow:




	
In the DSIF process, the lost contact between the tool and the sheet due to the inaccurate tool gap predicted by sine law is one of the reasons for the part geometric error. The tool gap is usually calculated with sine law, which only considers the wall angle and is not enough to predict accurate wall thickness. Some researchers established modified sine law. They included part height, curvature, and wall angle, but these studies were limited to specific parts. A generalized formula or method should be derived, which could predict the wall thickness precisely for any geometric shape accurately.



	
Apart from the sine law, the stiffness variation in metal during forming also plays a role in contact loss. Following the pre-defined toolpath, the reduced reaction force for the support tool can be observed during the forming process. Support tool deviations from the component should be considered an online error in the under-process part. The enhanced stiffness in the sheet during forming applies a load on the master tool. It deviates the master tool from the designed toolpath due to increasing stiffness. Some researchers compensated the master tool toolpath based on empirical formulas and obtained good geometric precision to accommodate such errors. It should be extended to other processes and material parameters. Besides, some methods for stiffness calculation or reduction can be beneficial. The ultrasonic-assisted DSIF process is still not trialed in DSIF, while it has successfully reduced the forming force in other ISF variants due to the acoustoplastic softening effect [100].



	
The relative position between the master and support tool is adjustable due to the flexible support tool in DSIF, which gives more options for toolpath alteration than SPIF or TPIF. ADSIF results from such alterations, which resolves the tool–sheet lost contact problems effectively. It alters the conventional toolpath sequence used in DSIF. The gap between the two tools is not an issue as virgin material is always processed. The geometric accuracy obtained with ADSIF surpasses other strategies. However, ADSIF has some limitations as long processing time and complicated toolpath design. Support tool position determination is not as flexible as in the conventional-DSIF process and is determined for each profile by the trial-and-error procedure. Some researchers had trialed to introduce generalized methods for these shortcomings. However, to date, no generalized method established. It needs further improvements to take full benefits from it. The strategy which is dependent on ADSIF as MDSIF can be improved if ADSIF limitations are solved.



	
The DSIF process should be expanded to larger, thicker, and asymmetric components to increase the DSIF process’s industrial viability. Researchers enhanced part precision and formability by successfully preserving tool–sheet contact while using sheet thickness of 1 mm or less for symmetric components in most circumstances. Besides this, the part size formed in most cases is less than 100 mm. Geometric precision in asymmetric parts is more difficult due to the transition from convex to straight and convex to concave regions, and it is the least studied area in DSIF. To obtain acceptability in the industrial sector, all of these constraints must be addressed efficiently.



	
TPIF gives good geometric accuracy if compared with DSIF and SPIF. To date, no direct comparison for TPIF and DSIF. In TPIF, the die provides essential support to the master tool wherever required. However, in DSIF, a limited region of the master tool is supported. Due to this limitation, researchers trialed DSIF-P, DSIF-L, squeezing, reverse bending, etc. There is a dire need to design a support tool that can provide simultaneous support to the master tool wherever required. Besides, the optimal support tool force required for geometric precision improvement needs investigations.



	
Springback is the foremost geometric error source in ISF. DSIF can reduce springback if the sheet is squeezed between the tools tactically. In ISF, elastic deformation recovers back as tools leave the formed region. In individual steps, the error due to elastic recovery may be negligible. The accumulation of springback for each step, on the other hand, leads to significant inaccuracies. Elastic recovery compensation in each step size can reduce springback error in the form part; nevertheless, forming in two stages can increase the forming time. Numerical or analytical techniques for calculating elastic recovery for a single step size can simplify a two-stage forming process to a single-stage procedure. A numerical or analytical approach for calculating elastic recovery for a single step size needs investigation.
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Figure 1. Schematics of ISF Processes (a) SPIF (b) TPIF (c) DSIF. 
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Figure 2. Schematics of (a) DISF (b) ADSIF toolpath. 
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Figure 3. DSIF and ADSIF toolpath generation strategy (reprinted with permission from S. Ullah et al. [22]). (a) top view (b) side view. 
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Figure 4. (a) Schematics of normal and aligned tool configurations in DSIF-L (b) DSIF-P (c) ADSIF. 
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Figure 5. Distributions of sheet thickness in the vertical direction (reprinted with permission from Otsu et al. [29], Copyright 2018 Elsevier). 
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Figure 6. Variation for forming depth under different supporting forces (reprinted with permission from B. Lu et al. [38], Copyright 2015 Elsevier). 
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Figure 7. Influence of slave tool shift on DSIF formability (reprinted with permission from B. Lu et al. [38], Copyright 2015 Elsevier). 
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Figure 8. Deformation zones in the E-DSIF process. 
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Figure 9. Strain evolutions on X-axis cross-section (reprinted with permission from Zhang et al. [40], Copyright 2018 Elsevier). 
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Figure 10. (a) Geometric error (reprinted with permission from Micari et al. [44], Copyright 2007 Elsevier). (b) Wall region error detail. 
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Figure 11. ISF benchmark shape (a) cone (b) pyramid (c) funnel. 
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Figure 12. Accuracy comparison at different sections at first run (with-out compensations) and second run (with compensations), (reprinted with permission from Meier et al. [47], Copyright 2009 Elsevier). 
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Figure 13. Error along section AA and BB for the feature of free-form geometry with 610 mm opening (reprinted with permission from Praveen et al. [52], Copyright 2020 Elsevier). 
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Figure 14. Horizontal cross-sectional shapes of formed sheet at different heights; (a) height = 3 mm (b) Height = 12 mm, where AD is advancing (clock-wise) direction, RD is retreating (anti-clockwise) direction (reprinted with permission from Otsu et al. [29], Copyright 2018 Elsevier). 
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Figure 15. Geometric accuracy at the (a) DSIF-P (b) DSIF-L process (reprinted with permission from Meier et al. [37], Copyright 2011 Elsevier). 
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Figure 16. Comparison of ideal and formed geometries formed using the ADSIF, out-to-in DSIF toolpath and with SPIF for (a) 40° cone and (b) 50° cone (reprinted with permission from Malhotra et al. [31], Copyright 2012 Elsevier). 
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Figure 17. Forces and relative positions of tools in local deformation area in DSIF. (a) Ideal condition; (b) over-bending (reprinted with permission from Peng et al. [58], Copyright 2019 Elsevier). 
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Figure 18. Geometric error in formed part in clamped position for E-SPIF, E-DSIF, and HE-DSIF (reprinted with permission from Xu et al. [78], Copyright 2016 Elsevier). 
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Figure 19. Formed part geometric error comparison (where α = 50°, β = 20°) (reprinted with permission from Valoppi et al. [79], Copyright 2016 Elsevier). 
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Table 1. Accuracy improvements based on tool-path compensation.
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Method

	
Part Type

	
Error (mm)

	
Part Size (mm)

(O × H × θ)

	
Thick (mm)

	
Material

	
Cause-and-Effect

	
Researchers






	
Springback and machine compliances

	
cone

	
±0.25

	
100 × 40 × 53°

	
0.8

	
AA99.5

	
Springback, sine law-undersize, compliance- oversize

	
Meier et al. (2009)




	
Squeezing (1.0,0.9,0.85)

	
cone

	
improved

	
130 × 36 × 65°

	
1.5

	
AA5182

	
Sine law-support tool lost contact

	
Malhotra et al. (2011)




	
Tool gap correction

	
shamrock

	
NR

	
110 × 31.2 × 65°

	
1.0

	
AA5754

	
Modified sine law-specific to shamrock

	
Moser et al. (2016)




	
Support tool force control

	
cone

	
1.0

	
45 × 16 × 40°

	
0.5

	
AA2024-T3

	
Complicated- Implementation issue

	
Ren et al. (2018)




	
funnel

	
NR

	
45 × 22 × 65°

	
1.0

	
AA5754-O




	
In-situ springback

	
cone

	
0.8

	
70 × 22 × 45°

	
0.5

	
AA2024-T3

	
Simulation based-time consuming

	
Ren et al. (2019)




	
pyramid

	
0.2

	
80 × 22 × 45°

	
1.0

	
AA5754-O




	
Tool and sheet deflection (small part)

	
cone

	
0.40

	
78.6 × 20 × 60°

	
0.88

	
AA5052-O

	
Empirical formula-limited to small parts

	
Lingam et al. (2015, 2016)




	
funnel

	
0.46

	
80 × 22.5 × 60°




	
Tool and sheet deflection (large part)

	
Varying wall component

	
1.25

	
260 × 72 × 60°

	
0.8

	
AA8011

	
No machine compliance- support tool lost contact

	
Praveen et al. (2020)






	
Elliptical free-form

	
1.52

	
640 × 110 × 55°




	
Machine, tool, and sheet deflection (large part)

	
Varying wall component

	
0.62

	
260 × 72 × 60°

	
Empirical formula: trialed for AA8011 only with a thin sheet

	
Konka et al. (2020)




	
Elliptical free-form

	
0.93

	
640 × 110× 55°




	
Incremental springback accommodation (D-DSIF)

	
Pyramid

	
0.33

0.57

	
45 × 15 × 40°

100 × 30 × 45°

	
1.0

	
AA7075

DC-04

	
Implementations of the second stage should be based on the formula

	
S. Ullah et al. (2021)
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Table 2. Accuracy improvements based on tool-path adaptation.
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Method

	
Part Type

	
Error (mm)

	
Part Size (mm) (O × H × θ)

	
Thick (mm)

	
Material

	
Cause and Effect

	
Researchers






	
DSIF-L

DSIF-P

DSIF-L

DSIF-P

	
Free-form

	
1.0

	
NR

	
NR

	
Al Mn 99.8

	
Trial based and sine law-time consuming

	
Meier et al. (2011)




	
2.5




	
Skull

	
<5.0

	
<(120 × 25)

	
0.5

	
Grade-1

Titanium

	
Insufficient support-increase in error

	
Bin Lu et al. (2015




	
5.0




	
ADSIF

	
Cone

	
0.49

	
45 × 14 × 40°

	
0.5

	
AA2024-T3

	
Low step size, trial based-time consuming

	
Malhotra et al. (2012)




	
45 × 17 × 50°




	
MDSIF

(ASIF+DSIF)

	
Pyramid with pocket

	
<0.49

	
45 × 15 × varied

	
0.5

	
AA2024-T3

	
Based on ADSIF-time consuming

	
Zhang et al. (2015)




	
Reverse bending

	
Ellipsoidal

	
±0.25

	
Major:112 × 21 × 41.1°

Minor:102 × 21 × 44.8°

	
1.0

	
AA7075

	
Over bending-precision degradation

	
Wang et al. (2018)




	
Squeezing

	
0.4

	
Ineffective-springback reduction




	
Automatic feature recognition

	
Conical profile with an inclined hump

	
0.3

	
80 × 17 × NR

	
0.88

	
AA5052

	
Lingam and Ndip-Agbor strategy recommended the sequence in the opposite direction

	
Lingam et al. (2017)




	
pyramid with an inclined base and a protrusion

	
0.25

	
80 × 17 × 45°




	
Multiple features with Z-based slicing

	
Freeform

	
1.5

	
<(80 × 18)

	
1.0

	
AA5754-O

	
Ndip-Agbor et al. (2018)




	
Tool-path adaptation based on STL model

	
Bidirectional protruding feature

	
3.2

	
<(200 × 25)

	
0.6

	
AA1060

	
Springback: precision degradation

	
Zhu et al. (2019b)
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Table 3. Accuracy improvement based on the heat-assisted process.
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Method

	
Part Type

	
Error (mm)

	
Part Size (O × H × θ) (O and H in mm)

	
Thickness (mm)

	
Material

	
Researchers






	
Direct resistance heating

	
Cone

	
1.0

	
NR

	
0.8

	
DX54D

	
Meier and Magnus (2013)




	
High-density pulse

	
Pyramid

	
NR

	
NR × 25 × 45°

	
NR

	
Titanium

	
Asghar and Reddy (2013)




	
HE-DSIF

	
Cone

	
1.0

	
80 × 25 × 45°

	
1.41

	
AZ3B1

	
Xu et al. (2016)




	
E-DSIF

	
2.2




	
E-SPIF

	
>3.0




	
E-MDSIF

	
Free-form

	
1.98

	
Figure 19

	
0.5

	
Ti6Al4V

	
Valoppi et al. (2016)




	
E-ADSIF

	
8.0




	
Without current

	
15.42
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Table 4. Master and support tool force requirements in different toolpath strategies.
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Toolpath

	
Step Size (mm)

	
Type

	
Feed Rate (mm/s)

	
Tool Diameter (mm)

	
Thickness (mm)

	
Forces (N)

	
Material

	
Researchers






	
DSIF

	
0.5

	
SBG

	
10

	
6

	
1.5

	
M:1200–1400

	
AA5182

	
Malhotra et al. (2011)




	
ADSIF

	
0.1

	
SBG

	
5

	
5

	
0.5

	
SR:180

	
AA2024-T3

	
Ren et al. (2018)




	
DSIF

	
0.5

	
SBG

	
5

	
5

	
1

	
SR:200

	
AA5754-O




	
DSIF

	
0.5

	
SBG

	

	
9.5

	
0.88

	
M:650, S:70

	
AA5052-O

	
Lingam et al. (2015, 2016)




	
DSIF

	
0.5

	
SBG

	

	
12.7

	
0.8

	
M: 400, S:35

	
AA8011

	
Konka et al. (2020)




	
DSIF

	
SBG

	

	
M: 320, S:45




	
DSIF

	
0.2

	
SBP

	

	
12

	

	
S: 125

	
Al Mn 99.8

	
Meier et al. (2011)




	
ADSIF

	
0.025

	
SBG

	

	
5

	
0.5

	
M:150–425, S:80–280

MR:220–274, SR:80–160

	
AA2024-T3

	
Malhotra et al. (2012)




	
D-stage of MDSIF

	
0.1

	
SBG

	
5

	
5

	
0.5

	
M:240, S:200

	
AA2024-T3

	
Xu et al. (2014)




	
Squeezing

	
0.02

	
SBP

	
20

	
10

	
1

	
S:360

	
AA7075

	
Wang et al. (2018)
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