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Abstract

:

Because the forming area involved in traditional reverse multistage incremental forming is only located inside the model, the sheet-metal thinning rate is relatively large. Particularly, the straight-wall parts with a narrow internal space cannot be formed using traditional multistage incremental forming. Therefore, a negative multistage incremental forming that extrudes the sheet from the forward and the reverse side of the straight-wall part is proposed in this paper. In this method, firstly, the auxiliary surface is generated to divide the straight-wall part model into three forming regions; secondly, the first- and second-stage forming are carried out from the forward side of the straight-wall part with support, respectively; Thirdly, the third-stage forming is carried out from the forward side of the straight-wall part without support. The software system for auxiliary-surface generation, the straight-wall parts partition, each intermediate-stage-forming model, and each stage-forming toolpath generation was developed by using C++, VC++, and OpenGL library. In order to verify the feasibility of the proposed method in this paper, the forming experiments of a 1060 aluminum sheet were conducted using traditional reverse multistage forming and the proposed method in this paper, and the forming effects were compared and analyzed. The results show that compared with traditional reverse multistage incremental forming with forward-side extrusion, the multistage incremental forming method with the forward and the reverse-sided extrusion proposed in this paper can increase the area of the sheet participating in the deformation and avoid the problem of excessive thinning of sheet thickness, especially suitable for the straight-wall part model with narrow internal space.
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1. Introduction


Sheet-metal CNC (Computer Numerical Control) incremental forming is a flexible and economical flexible forming technology [1]. Compared with the traditional sheet-metal forming, this technology is suitable for small-batch and multi variety production, which has advantages of high formability, high flexibility, and low cost [2]. Therefore, it can be widely used in various fields such as aviation, automobiles, biomedicine, research, and concept development [3]. The principle of sheet-metal CNC incremental forming is to divide the three-dimensional geometry into a series of two-dimensional slices, and extrude the sheet along the preprogrammed toolpath by using the forming tool controlled by the CNC machine to gradually deform the sheet plastically [4]. According to different directions of the convex surface of the sheet-metal part, incremental forming can be divided into two types: if the direction of the convex surface is upward, it is a positive incremental forming (Figure 1a), otherwise it is a negative incremental forming (Figure 1b) [5]. The principle of positive incremental forming is that the sheet fixed on the sheet moves down along the Z-axis along the guidepost with the forming movement of the forming tool [6]. The principle of negative incremental forming is that the forming tool gradually extrudes the sheet fixed on the fixture according to the forming toolpath to form the sheet with a certain geometry [7].



The straight-wall part has always been a difficult problem to solve in CNC incremental-forming research [8]. Because the forming angle of the straight-wall part is generally greater than the forming-limit angle of materials, the traditional single-stage incremental forming cannot realize the forming of the straight-wall part [9]. For straight-wall parts, a multistage forming method is proposed. That is, the straight-wall part is realized through multistage forming with a forming angle less than the forming limit angle [10]. At present, research on multistage incremental forming is mainly carried out from two aspects: positive incremental forming and negative incremental forming. Among them, there are many studies on negative multistage incremental forming (as shown in Figure 2) with relatively low equipment requirements.



For the studies of the forming strategy, Zhu and Liu [11] proposed a forming method of multidirectional adjustment of the sheet posture based on the auxiliary body, and successfully formed straight-wall parts with a forming angle of 80°. Gianluca et al. [12] analyzed three forming strategies: monodirectional incremental draw angle; monodirectional incremental draw angle with an increasing part side; and multidirectional approach with a nonhorizontal path. They showed that the multidirectional approach with a nonhorizontal path can make the material flow from the thick area to the thin area and redistribute itself, which can achieve relatively good thickness distribution. Li et al. [13] studied three multistage forming-path strategies: the parallel-line strategy, variable-angle strategy, and stretch-bend-assisted strategy, and concluded that the variable-angle strategy is better in thickness distribution and geometric errors. Li et al. [14] compared and analyzed the effects of parallel-straight-line-path strategy, translation-arc-path strategy, variable-angle-path strategy and stretch-bend-assisted strategy on thickness distribution. They concluded that the thickness distribution of the variable-angle straight-line-path strategy is better than others. Grimm et al. [15] proposed a new forming toolpath that passes through the center of the workpiece, which can generate a more uniform thickness profile and improve formability by 21%. These forming strategies play an important role in CNC incremental forming, but these forming strategies are to extrude one side of the sheet and are not suitable for forming the straight-wall parts with narrow internal space.



Forming parameters also have a great influence on forming quality. Ömer [16] studied the incremental forming of a part with a circular generatrix form with a variable wall angle to determine the best forming parameters. The results show that the surface quality and forming force will decrease with an increase in feed rate and a decrease in feed speed, and the surface roughness and forming force will also increase with an increase in tool diameter. Ajay et al. [17] discussed the influence of the tool radius and the forming angle on surface roughness, and concluded that the average roughness increases with an increase in the angle and the surface roughness of formed parts decreases with an increase in tool diameter. Hardik et al. [18] studied the influence of forming parameters such as tool diameter, thickness, layer spacing, and feed rate on the surface roughness of AA3003-0 aluminum alloy, and concluded that the tool diameter has the greatest influence on the surface roughness. Sherwan and Imre [19] studied the effects of the forming-tool material, tool shape, tool end-corner radius and tool-surface roughness on the geometric accuracy and formability of the parts, and concluded that the characteristics of tools play an important role in the prediction of formability. Ganesh et al. [20] and Vijayakumara et al. [21] studied the effects of tool diameter, feed rate, layer spacing, and spindle speed on surface roughness and angle, and concluded that the tool diameter and the spindle speed had the greatest effects on the surface roughness and the wall angle, respectively. When forming the C-channel, Gupta et al. [22] conducted comparative experiments on hemispherical tools and flat tools, and concluded that planar-forming tools are suitable for flat-bottom parts. Vedat [23] studied the effects of the forming-tool diameter, holding pressure, increment size, and feed rate on spring back, wall thickness, surface roughness, and forming force, and concluded that the spring back increased with an increase in forming-tool diameter, holding pressure, and feed rate. The research shows that the tool diameter and shape have a great influence on the forming quality.



Sinking and thickness decreases are common problems in traditional multistage incremental forming. Wu et al. [24] proposed a multistage optimization strategy, which can improve the formability and the thickness distribution of difficult forming parts. They pointed out that the mismatch of tool radius is the main reason for large plastic deformation, uneven thickness distribution and large sinking. Li et al. [25] studied the influence of the number of stages and the angular interval between adjacent stages on the thickness distribution, and pointed out that with the increase in the number of stages, the minimum thickness of the sheet also increases and the variance of the sheet thickness decreases. However, with the increase in the adjacent stage angle, the minimum thickness first increases and then decreases.



For bottom sinking, Suresh et al. [26] used four stages to form the straight-wall part with a forming angle of 85°, and concluded that the material is stretched biaxially with the increase in stages, which results in large subsidence. Ndip-Agbor et al. [27] proposed a method for predicting the rigid body motion to solve the sinking problem of the multistage forming. Dai et al. [28] improved the geometric accuracy of complex parts by optimizing the process parameters and reduced the subsidence by the toolpath compensation for each stage. Li et al. [29] concluded that the thickness distribution of the sheet-metal part can be improved with the expansion of the deformation area and pointed out that the expansion of the deformation area is a feasible means to improve the forming quality. However, the traditional negative multistage incremental forming adopts the single-sided extrusion forming method as shown in Figure 2, so only the sheet located in the internal area of the straight-wall part participates in the deformation, and the material flows downward, which results in problems such as large sheet-thickness thinning, uneven distribution, and large subsidence, and cannot be applied to the straight-wall part with narrow internal space.



For the above studies, a single side of sheet metal was extruded in the forming process. Jung et al. [30] and Pranav et al. [31] extruded the sheet metal from both the forward and reverse side. In order to reduce the shape error by using negative forming on the basis of the first-stage forming, Jung et al. [30] turned the first-stage-forming part over and squeezed its edge. However, they only analyzed the simple model, not the straight-wall part. For the forming of the C-channels, Pranav et al. [31] proposed a multistage forming strategy that combines the SPIF (Single-Point Incremental Forming) and TPIF (Two-Point Incremental Forming) based on the forward and reverse extrusion from the side of the sheet. The forming strategy was divided into six stages in total: In Stage 1, a flat tool with a diameter of 12.7 mm is used to form the forward of the sheet by using the SPIF without support. Then, the sheet is turned over and the reverse surfaces of the sheet are formed through the other five forming stages. In Stage 2 and Stage 3, the hemispherical tool with a diameter of 12.7 mm is used to extrude the sheet from the outside to the inner side at an angle, which helps to reduce the bottom width. In Stage 4 and Stage 5, the reverse surface of the sheet is extruded from top to bottom. In Stage 6, the sheet is formed with the new hemispherical tool with a diameter of 6 mm, which can reduce the corner radius at the intersection of the flange and the formed geometry. This forming strategy can not only expand the area of the sheet participating in flow, but also reduce geometric error in the critical areas. The forming of Stage 2~6 is conducted using the TPIF with partial support. However, the area of the sheet metal participating in forming is only located outside the model and used for sidewall forming, which results in a waste of the sheet metal and an uneven thickness distribution of the bottom and the sidewall.



In order to solve the earlier problems, a negative multistage incremental forming that extrudes the sheet from the forward and the reverse side of the straight-wall part is proposed in this paper.




2. Proposed Method


The general idea of the negative multistage incremental forming is described by taking the straight-wall part model shown in Figure 3a as an example, which extrudes the sheet from the forward and the reverse side of the straight-wall part. Firstly, an auxiliary surface with an inclination angle of  α  is constructed at the height H of the straight-wall part model, as shown in Figure 3b. Then, using the auxiliary surface, the straight-wall part model is divided into three forming areas, namely forming areas 1, 2, and 3, as shown in Figure 3c.



In this paper, the three divided forming areas are formed through three stages, respectively. Firstly, the negative-CNC incremental forming is adopted for forming area 1, and the first-stage forming is carried out by using the contour toolpath with scattered pressing-down points (as shown in Figure 4a), so as to obtain the first-stage forming model as shown in Figure 5a. Then, the negative-CNC incremental forming method is also adopted for forming area 2 to carry out the second-stage forming using the parallel toolpath with a stretching angle (as shown in Figure 4b), and the second-stage forming model as shown in in Figure 5b is obtained. The first-stage forming and the second-stage forming are all conducted using the supports, as shown in Figure 4a,b. Finally, the sheet-metal part is turned over and the negative-CNC incremental forming method is adopted for forming area 3 to carry out the third-stage forming using the parallel toolpath with a stretching angle (as shown in Figure 4c) to obtain the third-stage forming model, as shown in Figure 5c.



Compared with the traditional multistage incremental forming of single-sided extrusion, the method proposed in this paper can increase the area of the sheet involved in deformation and avoid the problem of excessive thinning of the sheet thickness, which is especially suitable for the straight-wall part model with narrow internal space. In addition, the inclination and position of the auxiliary surface can be determined by the inclination angle  α  and height H. The amount of sheet metal involved in deformation, metal flow, the forming angle of each forming stage can be determined by controlling  α  and H so as to obtain the best forming effect.



The area of the sheet participating in forming is relatively small in traditional multistage forming. When the inclination angle  α  in the method in this paper is the same as the first-stage forming angle of Pranav’s method [31], the sheet areas of participating forming are the same between the method in our paper and Pranav’s method [31], and all larger than that of traditional multistage forming.



The traditional multistage forming method only uses the sheet located inside the model, so the thickness of the part must be greatly reduced. Pranav’s method only uses the sheet located outside the model, but fails to make full use of the sheet located inside the model, resulting in material waste. However, the method in this paper makes use of both the sheet located inside and outside the model, and can change the partition condition of the straight-wall part by adjusting the inclination angle  α  and the height H, thus changing the amount of the sheet inside and outside the model participating in the forming, so it has great flexibility.



Pranav’s method [31] is a special case of this method when the height H is set as the total height of the sheet-metal part model. For the distribution of the forming angle: Pranav’s method distributes the forming angle from the top of the model. The method in this paper is to distribute the forming angle in the middle of the model, making the sheet-metal distribution more uniform and the thickness distribution more uniform.



In summary, the proposed method in this paper and Pranav’s method [31] have a larger area of the sheet participating in forming than that of the traditional multistage forming, which can obtain a larger thickness of the formed parts than that of the traditional multistage forming. However, because the position of the sheet that participates in the forming area of the proposed method is different from that of Pranav’s method, the thickness distribution of the formed part is better than that of Pranav’s method and can be adjusted by controlling the variable forming parameter, i.e., the inclination angle  α  and height H.



In order to realize the negative multistage incremental forming of straight-wall parts by the forward and reverse sides’ extrusion based on the auxiliary surface, this paper mainly studies the auxiliary-surface-generation algorithm based on  α  and H, the partition algorithm of the straight-wall part model based on the auxiliary surface, the construction algorithm of each intermediate-stage forming model, and the generation algorithm of each intermediate-stage forming toolpath.




3. Generation of Auxiliary Surface and Forming Model of Each Intermediate Stage


3.1. Auxiliary-Surface-Generation Algorithm


	(1)

	
Extract the inner surface of the STL (Stereo Lithography) model of straight-wall parts. The STL model consists of triangular patches and their normal vectors. The triangular patches with the Z coordinate the value of the normal vector ni in the interval (0,1]) are extracted as the inner surface.




	(2)

	
Set the inclination angle of the auxiliary surface  α . Firstly, the forming angle of each triangular patch on the inner surface is calculated    θ i  =   cos   − 1   (    n i  · s      n i      )   and the maximum forming angle    θ  m a x     is found, where s (0,0,1) is the normal vector of the horizontal plane; Then, the inclination angle    α   of the auxiliary surface is set by the user according to the maximum forming angle    θ  m a x    .




	(3)

	
Generate the cutting surface through the triangular patch vertices with the maximum and minimum Z coordinate values on the inner surface, respectively, to generate the horizontal cutting surface VU (generally coincident with the top surface of the model) and VD (generally coincident with the bottom surface of the model), and generate a cutting surface V that is parallel to the cutting surface VU and is located at a distance of H from the cutting surface VU (Figure 6).




	(4)

	
Generate feature points. The extracted inner surface is cut with the cutting surface V, that is, the cutting surface V intersects each edge of the triangular patch at a point, which is the feature point Dj (Figure 6).




	(5)

	
Generate vertical faces. A vertical plane Aj is established through the feature point Dj (Figure 7). The direction of the normal vector mj of the vertical plane Aj is the direction of the angular bisector between feature points, and the size is the unit vector.




	(6)

	
Rotate the vertical plane. Rotate the vertical plane Aj by    γ j  =   90 ° − α      around the point Dj to obtain the plane Bj. That is, the normal vector mj of the vertical plane Aj is rotated    γ j    counterclockwise around the point Dj in the plane determined by the vertical line passing through the point Dj and the normal vector mj of the vertical plane Aj to obtain the normal vector Nj of the plane Bj (Figure 7). Then, the equation of the plane Bj is obtained by using the point Dj and the normal vector Nj, as shown in Figure 7.




	(7)

	
For the upper and lower cutting surfaces, judge whether the rotated plane Bj coincides; if it coincides with the previous plane, remove this plane. The cutting line LUj is obtained by cutting the rotated plane Bj using the cutting surface VU, and the cutting line LDj is obtained by cutting the rotated plane Bj using the cutting surface VD (Figure 8a). The upper cutting points DUj are the intersection points of the cutting line LUj and the lower cutting points DDj are the intersection points of the cutting line LDj (Figure 8b).




	(8)

	
Generate the auxiliary surface. The cutting points on the upper and lower cutting lines are connected alternately to construct a triangular patch (Figure 9a) to obtain the auxiliary surfaces (Figure 9b).








3.2. Generation Algorithm for Each Intermediate Forming-Stage Model


According to Figure 3, the second-stage forming model can directly adopt the auxiliary surface. The second-stage forming model is composed of the part on the straight-wall part below the cutting surface V (Figure 6) and the part on the auxiliary surface above the cutting surface V. Therefore, the auxiliary surface and the straight-wall part are divided into two parts using the cutting surface V, the upper part of the auxiliary surface, and the lower part of the straight-wall part, respectively, and the points on the cutting line are connected in turn to form a new triangular patch. The upper part of the auxiliary surface and the lower part of the straight-wall part are combined into a new surface; thus, the second-stage forming model is obtained (Figure 10).



The third-stage forming model is the part on the straight-wall part above the cutting surface V (Figure 6). In order to extrude forming area 3 from the reverse side, it is necessary to turn the straight-wall part over and take the part on the straight-wall part above the cutting surface V (Figure 6). To this end, first extract the inner surface of the straight-wall part; then, convert the vertices (xi,yi,zi) of each triangular patch to (−xi,−yi,−zi) and the normal vector ni of the triangular patch to −ni; finally, connect the converted triangular patches to obtain the third-stage forming model, as shown in Figure 11.




3.3. Case Studies


In this paper, the first-stage forming model, the second-stage forming model and the third-stage forming-model-generation software system are developed by using C language, OpenGL graphics library and VC + + 6.0 under a Windows 7 environment. The feasibility of the generation algorithm of the auxiliary surface, the first-stage forming model, the second-stage forming model, and the third-stage forming model are verified by taking the straight-wall part model shown in Figure 12a as an example. The forming angle θ of the straight-wall part is 85°, the depth h is 23 mm (Figure 12b), and the section shape is ellipse (Figure 12c), the semimajor axis is 50 mm, and the semiminor axis is 45 mm.



Figure 13a shows the inner surface of the straight-wall part. Figure 13b shows the feature points obtained by cutting the inner surface with a cutting surface V with a height H of 10 mm.



Figure 14a shows a vertical plane established through each feature point. Figure 14b shows a vertical plane passing through a certain feature point.



In the case studies, the inclination angle of the auxiliary surface α is set to 30°. The rotated plane is generated by rotating the vertical plane of 60°. The generated rotation plane is shown in Figure 15a. In order to more clearly show the rotation effect of the vertical plane, one of the rotated planes obtained by rotating the vertical plane that passes through a certain feature point is shown in Figure 15b.



Figure 16a shows the rotated planes that are intersected with the upper and lower cutting surfaces, and Figure 16b shows cutting lines.



Figure 17 shows the intersection points obtained by the intersection of cutting lines, that is, cutting points.



Figure 18a shows an auxiliary surface constructed by alternately connecting the upper and lower cutting points, that is, the first-stage forming model. Figure 18b shows the second-stage forming model obtained by combining the lower part of the straight-wall part located on the cutting surface V and the upper part of the auxiliary surface. Figure 18c shows the third-stage forming model obtained by turning over the straight-wall part of 180° and taking the part on the cutting surface V on the straight-wall part surface.





4. Generation of Forming Toolpath for Each Stage


4.1. First-Stage Forming-Toolpath Planning and Generation


The purpose of the first-stage forming is to reduce the forming angle and ensure the smoothness of the forming surface as much as possible, so as to pave the way for the second-stage forming and the third-stage forming. The contour toolpath [32] is adopted for the first-stage forming toolpath.




4.2. Second- and Third-Stage Forming-Toolpath Planning and Generation


The second- and third-stage forming toolpath adopt the parallel toolpath with a stretching angle [33]. When generating the third-stage forming toolpath, it should be noted that in the extrusion from the forward and reverse sides in the second-stage forming and the third-stage forming, creases may occur at the height H of the straight-wall part. Therefore, the third-stage forming toolpath is generated at the starting position of H + δ (Figure 19). δ can be determined by the user according to the forming tool diameter and forming accuracy requirements. It can also be calculated more accurately according to the forming tool diameter, forming accuracy requirements, residual height, layer spacing of toolpath, and surface characteristics, but these contents cannot be touched in this paper, which will be further studied in the follow-up study.




4.3. Case Studies


Figure 20a shows the tool location surface of the first-stage forming model. Figure 20b shows the generated contour toolpath with the dispersed pressing-down points when the layer spacing Δh and the slope angle ε are set to 0.8 mm and 60°, respectively.



Figure 21a shows the surface of the second-stage forming area and Figure 21b shows the tool location surface of the second-stage forming area. Figure 21c shows the generated second-stage forming toolpath when the layer spacing Δh1 and the stretching angle ψ are set as 0.2 mm and 15°, respectively.



Figure 22a shows the surface of the third-stage forming area and Figure 22b shows the tool location surface of the third-stage forming area. Figure 22c shows the generated third-stage forming toolpath when the layer spacing Δh1 and the stretching angle ψ and δ are set as 0.2 mm, 15°, and 3 mm, respectively.





5. Forming Experiment


5.1. Forming Experiment Process


In order to verify the feasibility and effectiveness of the method proposed in this paper, a forming experiment based on the traditional multistage forming and the proposed method is conducted by taking the straight-wall part model shown in Figure 12a as the test model.



The traditional multistage forming method is shown in Figure 23. The first-stage forming angle θ1 is 30° and the first-stage forming depth h1 is 13 mm; the second-stage forming angle θ2 is 60° and the second-stage forming depth h2 is 18 mm.



Figure 24a shows the support model for the traditional multistage forming, whose internal surfaces are generated according to the outer surface of the straight-wall part (Figure 12a). Figure 24b shows the support model for the proposed method in the paper, in which the round table surface A is used for the first-stage forming, and the cylindrical surface B is used for the second-stage forming. Firstly, in order to conduct the first-stage forming and the second-stage forming, the internal surfaces of the support are generated according to the outer surface of the first- and second-stage-forming model (Figure 18). Secondly, because the sheet needs to be turned over in the third-stage forming, positioning holes (for installing the positioning pin) are set on the support to reduce the turning-over error.



According to the support model shown in Figure 24, the actual supports are fabricated by using a milling process and nylon material, as shown in Figure 25a. Figure 25b is the support for the traditional multistage forming and Figure 25c is the support for the proposed method.



The forming experiments are carried out on the three-axis CNC machining center shown in Figure 26a. The forming equipment (Roland DG Corporation, Osaka, Japan) is shown in Figure 26b, in which the 1060 aluminum sheet (density 2700 kg/m3, modulus of elasticity 55.94 GPa, poisson’s ratio 0.324, yield stress 153.6 MPa, tangential modulus 2.9 GPa, hardening coefficient 0.1978.) with a size of 200 mm × 200 mm × 1 mm is used as the forming sheet; the forming tool is a hemispherically shaped tool with a diameter of 10 mm. The spindle speed, the feed rate, and the layer spacing of the toolpath are set as 600 rmp, 840 mm/min, and 0.2 mm, respectively. Engine oil is used as the lubricating oil.




5.2. Analysis of Forming Experiment Results


Figure 27a shows the traditional multistage forming process, and Figure 27b shows the experimental part after forming. It can be seen that the experimental part has been broken at a depth of 12 mm.



Figure 28a shows the first-stage forming process based on the proposed method, in which the inclination angle  α  is 30° and the height H is 10 mm. Figure 28b shows the circular platform-shaped part formed by first-stage forming.



Figure 29a shows the second-stage forming process. Figure 29b shows the part formed by the second-stage forming.



Figure 30a shows the process of turning over the second-stage forming part and performing the third-stage forming. Figure 30b shows the third-stage forming part, in which the circular table surface of the second stage is formed into a cylindrical surface.



Figure 31 shows the experimental part after the third-stage forming. Figure 31a is a forward view of the experimental part, and Figure 31b is a reverse view of the experimental part. It can be seen that the appearance quality of the experimental part is relatively good, but there is slight sinking at the bottom.



Because the experimental parts with traditional multistage forming are broken, this paper only analyzes the experimental part with the proposed method from the thickness distribution and contour dimension accuracy, so as to prove the feasibility of the strategy proposed in this paper.



5.2.1. Thickness Distribution


To measure the sheet thickness of the section at the x = 0, the experimental part has been cut by using a bench mill at a certain distance from the Y-axis as shown in Figure 32a (the distance is between 5 mm and 20 mm), Figure 32b shows the cutting process of the experimental part, and Figure 32c shows the experimental part after cutting.



In order to accurately measure the thickness distribution of the experimental part on the x = 0 section, the experimental part was measured by a pointed micrometer (Figure 33). The measured results were sorted and the thickness distribution curve was drawn (Figure 34).



Figure 34 shows a thickness-distribution curve of an experimental part formed by using the proposed forming method. As can be seen, the thickness value in the transition area between the side wall and the bottom is the smallest, and the minimum thickness value is 0.378 mm. On the side wall of the experimental part (in the horizontal axis are (4,17) and (50,67)), the thickness will become thinner with the increase in forming depth. The thickness of areas (in the horizontal axis are (10,14) and (55,59)) will increase because the two areas (10,14) and (55,59) are near the overturned surface.




5.2.2. Profile Curve


In order to obtain the profile curve at the x = 0 section of the experimental part, the experimental part was measured by the hexagon three-coordinate measuring instrument (Figure 35a). Figure 35b shows the contour measurement process, and the measurement-spacing changes in the range of 1–2 mm.



Figure 36 shows the contour curve of the experimental part formed by using the proposed method. As can be seen from the figure, there is subsidence in the area of [−45~−10, 10~45]. Compared with the theoretical model, the normal direction deviation of the left side wall is larger and the deviation of the right side wall is smaller.



In order to analyze the normal direction deviation between the experimental part based on the proposed method and the theoretical model, the normal deviation curve shown in Figure 37 is drawn. The normal direction deviation of the experimental part is mainly distributed between −1.5 and 1 mm, and the average deviation is 1.0521 mm. The maximum normal deviation at x = −25.9694 mm is is the largest and its value −1.7246 mm.






6. Conclusions


	(1)

	
The straight-wall part with a forming angle of 85° cannot be formed by the traditional multistage forming strategy mentioned in this paper. The sheet was broken during the third-stage forming.




	(2)

	
The straight-wall part with a forming angle of 85° can be successfully formed by using the proposed method in this paper, and the appearance quality is better. The profile-dimension accuracy and thickness distribution of the experimental part are good, and its minimum thickness is 0.378 mm.




	(3)

	
Compared with traditional negative multistage forming, under the supporting die, the proposed method can increase the area of the sheet metal participating in forming, which effectively increases the thickness of the sheet-metal part and is suitable for the straight-wall part model with narrow internal space.




	(4)

	
The zoning of straight-wall parts can be adjusted by controlling the inclination angle  α  and height H, so that the amount of materials inside and outside the model that participate in the forming can be adjusted; additionally, the reasonable partition of straight-wall parts can be obtained to make the thickness distribution of the straight-wall parts more uniform.




	(5)

	
In future work, it is necessary to find the best combination of the inclination angle  α  and height H. In addition, the double-sided CNC incremental forming technology is expected to be used in the proposed method so that the forward- and reverse-extrusion process can be conducted at the same time to reduce the errors occurring in the sheet-turnover process.
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Figure 1. Incremental forming types: (a) positive incremental forming; (b) negative incremental forming. 
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Figure 2. Negative multistage incremental forming. 
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Figure 3. Division of forming area: (a) the straight-wall part model; (b) auxiliary surface; (c) forming area. 
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Figure 4. Three stages of forming: (a) the first stage; (b) the second stage; (c) the third stage. 
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Figure 5. The forming model of each stage: (a) the first stage; (b) the second stage; (c) the third stage. 
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Figure 6. Construction of the cutting surface. 
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Figure 7. Rotation of the vertical plane. 
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Figure 8. Intersection of the cutting surface and the rotating surface: (a) upper and lower cutting lines; (b) upper and lower cutting points. 
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Figure 9. The auxiliary surface generation: (a) triangular meshing; (b) the first-stage forming model. 
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Figure 10. The second-stage forming-model generation. 
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Figure 11. Turn-over transformation of the straight-wall model: (a) before overturn; (b) after overturn. 
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Figure 12. The straight-wall part model: (a) three-dimensional model; (b) longitudinal section; (c) cross section. 
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Figure 13. Feature points generation: (a) the inner surface extraction; (b) the cutting surface and feature points. 
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Figure 14. Vertical-plane generation: (a) generated vertical planes; (b) the single vertical plane. 
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Figure 15. Rotation of the vertical plane: (a) the plane after rotation; (b) the single plane of rotation. 
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Figure 16. Intersection of cutting surfaces and rotated surface: (a) upper and lower cutting surfaces; (b) cutting lines. 
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Figure 17. Generation of the cutting points. 
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Figure 18. Forming model of each intermediate stage: (a) the first stage; (b) the second stage; (c) the third stage. 
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Figure 19. The starting position of the third-stage forming. 
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Figure 20. The first-stage forming toolpath: (a) the tool location surface; (b) the generated forming toolpath. 
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Figure 21. The second-stage forming toolpath: (a) the surface of forming area; (b) the tool location surface; (c) the generated forming toolpath. 
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Figure 22. The third-stage forming toolpath: (a) the surface of the forming area; (b) the tool location surface; (c) the generated forming toolpath. 
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Figure 23. The traditional multistage forming strategy. 
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Figure 24. Support model: (a) for traditional multistage forming; (b) for the proposed method. 
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Figure 25. The actual support: (a) milling process; (b) for the traditional multistage forming, (c) for the proposed method. 
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Figure 26. Forming equipment: (a) Roland 3D mold-engraving machine MDX-540; (b) the forming process. 
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Figure 27. The traditional multistage forming: (a) the forming process; (b) the experimental part. 
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Figure 28. The proposed forming method: (a) the first-stage forming process; (b) the part formed by the first-stage forming. 
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Figure 29. The proposed forming method: (a) the second-stage forming process; (b) the part formed by the second-stage forming. 
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Figure 30. The proposed forming method: (a) the third-stage forming process; (b) the part formed by the third-stage forming. 
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Figure 31. The experimental part: (a) the forward view (b) the reverse view. 
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Figure 32. Cutting: (a) the cutting position; (b) the cutting process; (c) the experimental part after cutting. 
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Figure 33. Thickness measurement. 
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Figure 34. Thickness-distribution curve. 
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Figure 35. Profile measurement: (a) the three-coordinate measuring instrument; (b) measurement process. 
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Figure 36. The profile curves. 
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Figure 37. Normal direction deviation of the profile curves. 
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