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These supplementary materials contain: 1) results of conformal 3D printing quality with vertical 

and slope-corrected tool offsets: 2) non-planar path planning results associated with antenna 3D printing 
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on planar Kapton film; and 3) videos of the conformal 3D printing process (see Videos S1, S2 and S3).  We 

also include pseudo-codes associated with path planning algorithms. The pseudo-code used for 

computational characterization of conformal printing quality is also included. This supporting information 

also includes examples of Sr and P (Table S1). 
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Table S1: Examples of the matrices associated with Sr and P corresponding to the study discussed in 

Figure 2. 

𝑺𝑺𝒓𝒓 = �
−58.4037 −88.5714 −57.0373
86.5977 153.855 153.469
−39.1942 −53.3039 −124.727

� 

𝑷𝑷 = �
88.1799 13.4989 10.1549
14.0904 11.1944 89.0994
−50.7744 −50.7974 −50.7314

� 

 

 

S1. Conformal Microextrusion 3D Printing Quality in the Absence of Tool Trajectory and Object 

Geometry Corrections  

The PCPP algorithm utilizes the tool geometry, tool trajectory, and point cloud-defined object 

topographical features, including object slope and curvature, to modify the vertical and lateral positions of 

each coordinate in the zero-offset conformal tool path Ta.  To understand the effect of each characteristic 

on the print quality, the conformal 3D printing quality was systematically examined in the absence of tool 

trajectory and object geometry corrections using two simplified versions of the PCPP algorithm: 1) a PCPP 

algorithm that involves no path corrections for tool trajectory or object topography, and 2) a PCPP algorithm 

that involves corrections for tool trajectory and object slope, but no path corrections for object curvature. 

The pseudo-code associated with these algorithms are provided in Algorithm 2 and 3 of Supporting 

Information. The schematics of the corresponding nozzle standoff distances are shown in Figures S1a and 

b and Figures S2a and b. 
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S2. Description of Printing Quality in the Absence of Tool Trajectory and Object Geometry Corrections 
(Constant Vertical Offset) 

In the absence of path corrections for tool trajectory and object geometry, a simple path correction 

may only consider the tool geometry as:  

𝑇𝑇𝑖𝑖𝑧𝑧
𝑎𝑎∗ = 𝑇𝑇𝑖𝑖𝑧𝑧

𝑎𝑎 + 𝑑𝑑        (1) 

where 𝑇𝑇𝑖𝑖𝑧𝑧
𝑎𝑎∗ and 𝑇𝑇𝑖𝑖𝑧𝑧

𝑎𝑎 are the z-coordinates of the offset tool path and the zero-standoff tool path in the 3D 

printing reference frame.  A description of the path planning strategy associated with constant vertical tool 

shift that neglects the tool trajectory and object geometry is shown in Figure S1a.  As shown in Figure S1b, 

conformal 3D printing in the absence of tool trajectory and object geometry correction resulted in a non-

planar tool path that exhibited an identical profile to the object’s surface profile Ta. Thus, the initially 

projected user-defined tool path (i.e., object topography) and the offset tool path exhibited identical local 

surface normal vectors and curvatures. The tool path Ta* in Figure S1b corresponds to a 2-mm diameter 

nozzle (d = 2mm).  

As shown in Figure S1c, in the absence of tool trajectory and object geometry correction, the PCPP 

algorithm enabled conformal microextrusion 3D printing across each of the regions. However, the absence 

of tool trajectory and object geometry correction resulted in two 3D printing defects, locations where the 

3D-printed filament’s thickness and width deviate from the expected value (d), which we refer to as a 

flattening defect (see Figure S1d), and tool-surface contact (Figure S1e). The data in Figures S1b-e suggest 

that the defect locations are dependent on the tool trajectory and object topographical features.   

The tool path data Ta* and scanning data Sa profiles (see Figure S1b) enabled calculation of an 

expected filament thickness for the path planning approach, defined as the difference between the nozzle 

diameter (ideal filament thickness) and the expected filament thickness. As shown in Figure S1f, the error 

in the expected filament thickness was dependent on the shape characteristics of the test part, specifically, 

the slope and curvature. Figure S1d shows the dependence of the error in the expected filament thickness 

on the slope and curvature object. The results indicated that the error was the largest when the slope was 
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negative (i.e., the tool was moving downward).  Thus, we found that downward trajectories on concave-up 

surfaces resulted in negative errors (i.e., flattening defects).  As shown in Figure S1f, flattening defects 

increased the width of the printed trace by as much as a factor of two larger than the expected value.  The 

data in Figure S1 also show a direct correlation between the absolute value of the error and the slope of the 

surface.  While flattening defects may adversely affect quality in some applications, the flattening artifact 

could be used as an approach for improving the adhesion of printed material.  

In addition to the flattening artifact, conformal 3D printing in the absence of tool trajectory and 

object geometry correction resulted in a tool-surface contact defect at the peaks of the increasing concave 

up or decreasing concave down regions and sharp edges. At these locations, the slope of the tool path 

increased or decreased suddenly, which caused the nozzle to make contact with the surface. In addition to 

contacting the object, the tool-surface contact defect resulted in a gap in the deposited material at contact 

and was followed by material accumulation after the contact point.  Thus, the data in Figures S1b-f show 

that the print quality is dependent on the local geometry of the object.   
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Figure S1 – a) Illustration of conformal 3D printing quality in the absence of tool trajectory and object 

geometry correction in which each z-component of the non-planar tool path is offset from the object point 

cloud z-coordinate by a constant offset d.  b) Visualization of the resultant non-planar tool path on the three 

regions of the test part (an offset distance of d  = 2 mm was utilized for illustration).  c) Photograph of the 

resultant print quality from a top-down perspective.  d) Computational analysis of non-planar 3D printing 

quality in terms of the expected filament thickness error versus the local slope and curvature of the object 

using data shown in panel b.  Illustrations and photographs of the observed flattening (e) and tool-surface 

contact (f) 3D printing quality defects. 
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S3. Description of Printing Quality in the Presence of Tool Trajectory and Object Slope Corrections  

We next examined the 3D printing quality obtained through the integration of tool trajectory and 

object slope corrections in the absence of curvature correction.  Previous considerations of Vatani et al. for 

slope-based shape corrections of nozzle standoff distance suggest that the distance between the deposition 

surface and the nozzle tip should depend on the deposition direction and the surface normal vector [1]. In 

the absence of curvature correction, a path correction that considers tool geometry as well as tool trajectory 

and object slope can be represented as:  

𝑇𝑇𝑖𝑖𝑖𝑖𝑎𝑎∗ = 𝑇𝑇𝑖𝑖𝑎𝑎 +  𝑑𝑑𝑁𝑁��⃗ 𝑖𝑖 + 𝑑𝑑𝑜𝑜
2
𝑉𝑉�⃗ 𝑖𝑖      (2) 

where the term d0Vi/2 a correction factor for the trajectory that accounts for the 2D tool path direction Vi  

(Vi = [ti,x, ti,y]) and nozzle outer diameter d0, and dNi a correction factor for the slope of the surface where 

Ni the normal vector. Unlike the quality obtained in the absence of tool trajectory and object geometry 

correction, the trajectory and slope corrections offset the x-, y- and z-coordinates of the path by a distance 

that depends on the nozzle inner and outer diameters as shown in Figure S2a.  The calculated point 

represented the left corner of the nozzle when the tool moves in the right direction and vice versa. This 

point is referred to as the nozzle reference point Tir
a* (see Figure S2a). The tool path, Ta*, which represents 

the nozzle center points, was then calculated by adding the outer nozzle radius to the nozzle reference points 

in the two-dimensional printing direction Vi, which was determined by using x and y axes values of the 

tangent vector Ti.   Thus, trajectory and slope corrections led to a non-planar path that was relatively further 

away from the surface during downward motion as a result of using a normal vector offset followed by a 

lateral offset for each path point. While the absence of tool trajectory and object geometry correction led to 

a non-planar tool path Ta* that exhibited the same length, surface normal vectors, and curvatures as the 

object profile (i.e., Ta), the trajectory and slope corrections established a different tool path profile that 

mitigated some of the aforementioned defects.  
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We note that the tool path Ta* in Figure S2b was the output tool path for d = 2mm which was used 

to enlarge the difference for visual purposes. As shown in Figures S2c-d, the introduction of trajectory and 

slope corrections reduced the extent of flattening defects relative to that observed in the absence of tool 

trajectory and object geometry corrections.  However, the floating artifacts and tool-surface contact defects 

were still observed.   

The tool-surface contact defect was observed during tool paths with upward trajectories.  

Downward trajectories on concave-down surfaces resulted in poor material adhesion to the surface, which 

we refer to as a floating defect (see Figure S2e). The floating defect is characterized by a positive error in 

filament thickness calculations (Figure S2d). Floating artifacts were observed at locations that exhibited a 

negative slope and a decreasing magnitude of curvature relative to the previous location. This defect was 

mainly observed at surface inflection points as shown in Figures S2c-e.  In some cases, the material was 

deposited but in a path that deviated from the defined tool.  For example, deviation in the printed filament 

path by 4d was observed at the inflection point of the path in Region 3 of the test part.  In the other cases, 

the defect led to a discontinuous filament and gap in deposited material (see Region 2).   

While the path corrections for tool trajectory and object slope reduced the extent of the flattening 

defect, the approach is based on a ‘nozzle reference point,’ defined as the closest point to the surface when 

the tool moves in a downward direction. Thus, the approach neglects the gap between the nozzle and the 

surface in the z-axis, which may cause the floating defect. For upward trajectories, the nozzle reference 

point was the furthermost point from the surface (see Figure S2a). As a result, the approach also neglects 

consideration of the horizontal distance between the nozzle and the surface, which may cause the tool-

surface contact defect. 

Similar to the results obtained in the absence of tool trajectory and object geometry correction, the 

error increased at locations where the slope exhibited a positive sign and relatively large absolute value 

(i.e., ascending paths with large slopes) (Figure S2d). However, the inclusion of path corrections for tool 

trajectory and object slope reduced the error at the regions with the slope of high negative values, which 
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resulted in decreased flattening artifacts. Although path corrections for tool trajectory and object slope 

minimized the flattening artifacts, which here was observed only when the tool moved through a descending 

path (i.e., in a downward direction), they did not completely mitigate the floating and tool-surface contact 

defects.  Inspection of Figure S2d also shows a correlation between the locations of print quality and defects 

and the surface curvature.   
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Figure S2 – a) Illustration of the point cloud-based tool path planning algorithm with path corrections for 

tool geometry, tool trajectory, and object slope.  b) Visualization of the resultant non-planar tool path on 

the three regions of the test part (an offset distance of d  = 2 mm was utilized for illustration).  c) Photograph 

of the resultant print quality from a top-down perspective.  d) Computational analysis of non-planar 3D 

printing quality in terms of the error in predicted filament thickness versus the local slope and curvature of 

the object.  e) Illustrations and photographs of the filament floating (gap) defect that result from the non-

planar path planning algorithm. 
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Figure S3. Path planning validation for antenna 3D printing on the planar Kapton film. a) A Photograph of 

the planar Kapton film. b) Highlight the reverse-engineered film and the conformal programmed toolpath 

on the planar Kapton film. c) A photograph of the conformal 3D printed Pluronic trajectories on the planar 

Kapton film with zoomed views (d). 
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Video S1. Video of conformal 3D printing on randomly wrinkled Kapton films. 

 

 
Video S2. Video of conformal 3D printing on folded Kapton films. 

 

 

Video S3. Video of conformal 3D printing on Kapton origami. 
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Algorithm 1 - Registration Algorithm: Tool path alignment-projection algorithm. 

Input: S: The mesh structure of the point cloud data that is achieved by the 3D scanner 
[𝐒𝐒𝐫𝐫]3,3: Three reference points that are area centroids of the holes in the point cloud data 

 [𝐏𝐏]3,3: Three reference points that are obtained by the printer controller 
 �𝐓𝐓𝟐𝟐𝟐𝟐�3,𝑚𝑚: A list of sampled points on the ith 2D path, 𝑇𝑇2𝐷𝐷3,𝑗𝑗 = 0 for all 𝑗𝑗 = 0, . . ,𝑚𝑚  
where 𝑚𝑚 = ⌊𝐿𝐿𝑝𝑝 ⁄ 2𝑑𝑑⌋  
Output:  [𝐓𝐓𝐚𝐚]3,𝑚𝑚: Aligned and projected path points 
Initialize 𝐒𝐒𝐚𝐚, [𝐓𝐓]3,𝑚𝑚, [𝐓𝐓𝐚𝐚]3,𝑚𝑚, 𝐆𝐆; 
𝐓𝐓 ← Project 𝐓𝐓𝟐𝟐𝟐𝟐 onto S in z-axis direction; 
Find transformation matrix 𝐆𝐆(𝐒𝐒𝐫𝐫,𝐏𝐏); 
𝐒𝐒𝐚𝐚 ← 𝐆𝐆𝐒𝐒 ; /*align the point cloud data to the 3D printer frame*/ 
𝐓𝐓𝐚𝐚 ← 𝐆𝐆𝐓𝐓 ; /*align the path points to the 3D printer frame*/ 
return 𝐓𝐓𝐚𝐚 

 

 

  



14 
 

Algorithm 2 - Constant-offset PCPP Algorithm: Establishing a constant vertical offset based on the 
nozzle diameter. 
 

Input: [𝐓𝐓𝐚𝐚]3,𝑚𝑚: 3D path points on the surface 
 𝑑𝑑: the inner nozzle diameter 
Output:  [𝐓𝐓𝐚𝐚∗]3,𝑚𝑚: G-code points that the nozzle will follow 
for each column 𝑗𝑗 in 𝐓𝐓𝐚𝐚 do /*for each point on the surface*/ 
 𝑇𝑇𝑗𝑗𝑎𝑎∗ ← 𝑇𝑇𝑗𝑗𝑎𝑎; 
 𝑇𝑇𝑗𝑗,𝑧𝑧

𝑎𝑎∗ ←  𝑇𝑇𝑗𝑗,𝑧𝑧
𝑎𝑎 + 𝑑𝑑 ; /*add 𝑑𝑑 offset to the point in 𝑧𝑧-axis direction*/ 

end for 
return 𝐓𝐓𝐚𝐚∗; 
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Algorithm 3 - Slope-corrected PCPP Algorithm: Offsetting the path based on the surface normal vector. 

Input: [𝐓𝐓𝐚𝐚]3,𝑚𝑚: 3D path points on the surface 
 𝑑𝑑: the inner nozzle diameter 
 𝑑𝑑𝑜𝑜: the outer nozzle diameter 
 [𝐍𝐍]3,𝑚𝑚: A set of the unit normal vector associated with each point of 𝐓𝐓𝐚𝐚 on 𝐫𝐫(𝑡𝑡), the 
curve fit through 𝐓𝐓𝐚𝐚 
Output:  [𝐓𝐓𝐚𝐚∗]3,𝑚𝑚: G-code points that the nozzle will follow 
Initialize  [𝐕𝐕]3,𝑚𝑚; 
for each column 𝑗𝑗 in 𝐓𝐓𝐚𝐚 do /*for each point on the surface*/ 

𝑉𝑉𝑗𝑗 ← 𝑇𝑇𝑗𝑗+1𝑎𝑎 − 𝑇𝑇𝑗𝑗𝑎𝑎 ;  
𝑉𝑉𝑗𝑗,𝑧𝑧 ← 0 ;  /* 𝑉𝑉 is the printing direction in x- and y- axes*/ 

 𝑇𝑇𝑗𝑗𝑎𝑎∗ ← 𝑇𝑇𝑗𝑗𝑎𝑎 +  𝑑𝑑𝑁𝑁𝑗𝑗 + 𝑑𝑑𝑜𝑜
2
𝑉𝑉𝑗𝑗 ; 

end for 
return 𝐓𝐓𝐚𝐚∗; 
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Algorithm 4 - PCPP Algorithm: Offsetting the path based on the local tool-surface location. 
 

Input: [𝐓𝐓𝐚𝐚]3,𝑚𝑚: 3D path points on the surface 
 𝑑𝑑: the inner nozzle diameter 

𝑑𝑑𝑜𝑜: the outer nozzle diameter  
 [𝜅𝜅]𝑚𝑚 : A set of curvature values associated with each row of 𝐓𝐓𝐚𝐚 on 𝐫𝐫(𝑡𝑡)  
 S: The mesh structure of the point cloud data that is achieved by the 3D scanner 
Output:  [𝐓𝐓𝐚𝐚∗]3,𝑚𝑚: G-code points that the nozzle will follow 
Initialize [𝐕𝐕]3,𝑚𝑚 , 𝐿𝐿𝑗𝑗 ,𝑀𝑀𝑗𝑗 ,𝐶𝐶,𝑝𝑝𝑗𝑗 ,𝑋𝑋; 
for each column 𝑗𝑗 in 𝐓𝐓𝐚𝐚 do /*for each point on the surface*/ 

𝑉𝑉𝑗𝑗 ← 𝑇𝑇𝑗𝑗+1𝑎𝑎 − 𝑇𝑇𝑗𝑗𝑎𝑎 ;  
𝑉𝑉𝑗𝑗,𝑧𝑧 ← 0 ;  /* 𝑉𝑉 is the printing direction in x- and y- axes*/ 
𝑇𝑇𝑗𝑗𝑎𝑎∗ ← 𝑇𝑇𝑗𝑗𝑎𝑎; 

 𝑇𝑇𝑗𝑗,𝑧𝑧
𝑎𝑎∗ ←  𝑇𝑇𝑗𝑗,𝑧𝑧

𝑎𝑎 + 𝑑𝑑 ; 
𝐶𝐶𝑗𝑗 ← 𝑎𝑎 circular plane surface on 𝑇𝑇𝑗𝑗𝑎𝑎∗ 𝑤𝑤𝑤𝑤𝑡𝑡ℎ 𝑑𝑑𝑤𝑤𝑎𝑎𝑚𝑚𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑑𝑑𝑜𝑜 ; /*simulates the nozzle 

tip*/ 
if there exists an intersection points list {𝐶𝐶𝑗𝑗 ∩ 𝐒𝐒} 𝐭𝐭hen 

𝑝𝑝𝑗𝑗 ← the centroid of the list {𝐶𝐶𝑗𝑗 ∩ 𝐒𝐒}; 
𝐿𝐿𝑗𝑗 ←  𝑑𝑑𝑜𝑜/2 − �𝑇𝑇𝑗𝑗𝑎𝑎∗,𝑝𝑝𝑗𝑗� + 𝑡𝑡𝑜𝑜𝑡𝑡 ;   /*tol is the tolerance set by the user*/ 

𝑄𝑄 ← 𝑝𝑝𝚥𝚥, 𝑇𝑇𝚥𝚥𝑎𝑎∗���������������⃗ ; 
𝑇𝑇𝑗𝑗𝑎𝑎∗ ←  𝑇𝑇𝑗𝑗𝑎𝑎∗ + 𝐿𝐿𝑗𝑗𝑄𝑄; 
if 𝑇𝑇𝑗𝑗,𝑧𝑧 <  0 then /*if going downwards*/ 
 if 𝜅𝜅𝑗𝑗 < 1/𝑑𝑑 then 
  𝑀𝑀𝑗𝑗 ← 0.5𝑑𝑑(1 + 𝑑𝑑𝜅𝜅𝑖𝑖) ; 
 else 
  𝑀𝑀𝑗𝑗 ← 𝑑𝑑 ; 

    end if 
  𝑇𝑇𝑗𝑗𝑎𝑎∗ ←  𝑇𝑇𝑗𝑗𝑎𝑎∗ + 𝑀𝑀𝑗𝑗𝑉𝑉𝑗𝑗 ;  
 end if 
else if 𝑇𝑇𝑗𝑗,𝑧𝑧 <  0 then /*if going downwards but no intersection*/ 

if there exists an intersection point {�𝑇𝑇𝑗𝑗𝑎𝑎∗, 𝑇𝑇𝑗𝑗𝑎𝑎∗ − 𝑑𝑑𝑉𝑉𝑗𝑗� ∩ 𝐒𝐒} 𝐭𝐭hen 
𝑝𝑝𝑗𝑗  ← �𝑇𝑇𝑗𝑗𝑎𝑎∗, 𝑇𝑇𝑗𝑗𝑎𝑎∗ − 𝑑𝑑𝑉𝑉𝑗𝑗� ∩ 𝐒𝐒 ; 

𝑀𝑀𝑗𝑗 ←
𝑑𝑑𝑜𝑜
2

+ 𝑀𝑀𝑗𝑗 − �𝑇𝑇𝑗𝑗𝑎𝑎∗,𝑝𝑝𝑗𝑗� ; 
 𝑇𝑇𝑗𝑗𝑎𝑎∗ ←  𝑇𝑇𝑗𝑗𝑎𝑎∗ + 𝑀𝑀𝑗𝑗𝑉𝑉𝑗𝑗 ;  
end if 

end for 
return 𝐓𝐓𝐚𝐚∗; 
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Algorithm 5 - Computational Analysis of filament thickness.  
 

Input: [𝐓𝐓𝐚𝐚]3,𝑚𝑚: 3D path points on the surface 
 [𝐓𝐓𝐚𝐚∗]3,𝑚𝑚: G-code points list which is the output of the algorithm analyzed 
 𝑑𝑑: the inner nozzle diameter 

𝑑𝑑𝑜𝑜: the outer nozzle diameter 
 [𝐍𝐍]3,𝑚𝑚: A set of the unit normal vector associated with each point of 𝐓𝐓𝐚𝐚 on 𝐫𝐫(𝑡𝑡), the 
curve fit through 𝐓𝐓𝐚𝐚 

[𝐓𝐓]3,𝑚𝑚: A set of the unit tangent vector associated with each row of 𝐓𝐓𝐚𝐚 on 𝐫𝐫(𝑡𝑡), the curve 
fit through 𝐓𝐓𝐚𝐚  
 S: The mesh structure of the point cloud data that is achieved by the 3D scanner 
Output:  [𝐷𝐷]𝑚𝑚: The filament thickness at each point in 𝐓𝐓𝐚𝐚 
    [𝐹𝐹𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑑𝑑𝐹𝐹𝑤𝑤𝐹𝐹𝐹𝐹]𝑚𝑚: Boolean matrix indicating if the flattening artifact is observed 
    [𝐹𝐹𝑡𝑡𝑜𝑜𝑎𝑎𝑡𝑡𝑤𝑤𝐹𝐹𝐹𝐹]𝑚𝑚: Boolean matrix indicating if the floating artifact is observed 
     [𝐶𝐶𝑜𝑜𝐹𝐹𝑡𝑡𝑎𝑎𝐶𝐶𝑡𝑡]𝑚𝑚: Boolean matrix indicating if the tool-surface contact defect artifact is 
observed 
Initialize [𝐅𝐅]3,𝑚𝑚, [𝐕𝐕]3,𝑚𝑚, 𝐜𝐜(𝑡𝑡) ; 
for each column 𝑗𝑗 in 𝐓𝐓𝐚𝐚 do /*for each point on the surface*/ 

𝐶𝐶𝑗𝑗 ← 𝑎𝑎 circular plane surface on 𝑇𝑇𝑗𝑗𝑎𝑎∗ 𝑤𝑤𝑤𝑤𝑡𝑡ℎ 𝑑𝑑𝑤𝑤𝑎𝑎𝑚𝑚𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑑𝑑𝑜𝑜 ; /*simulates the nozzle 
tip*/ 

𝑉𝑉𝑗𝑗 ← 𝑇𝑇𝑗𝑗 and 𝑉𝑉𝑗𝑗,𝑧𝑧 ← 0 ; /* 𝑉𝑉 is the printing direction in x and y axes*/ 
if there is an intersection point 𝑝𝑝𝑗𝑗  between 𝐒𝐒 and 𝐶𝐶𝑗𝑗  then  /*tool-surface contact defect*/ 
 𝐶𝐶𝑜𝑜𝐹𝐹𝑡𝑡𝑎𝑎𝐶𝐶𝑡𝑡𝑗𝑗 ←  1 ;  
 𝐹𝐹𝑗𝑗 ←  [ ] ; 
else 

if 𝑇𝑇𝑗𝑗,𝑧𝑧 <  0 then /*if going downwards*/ 
  𝐹𝐹𝑗𝑗 ←  𝑇𝑇𝑗𝑗𝑎𝑎∗ − (𝑑𝑑𝑜𝑜/2)𝑉𝑉𝑗𝑗 ;  

else /*if going upwards or straight*/ 
  𝐹𝐹𝑗𝑗 ←  𝑇𝑇𝑗𝑗𝑎𝑎∗ + (𝑑𝑑/2)𝑉𝑉𝑗𝑗 ; 
 end if 
end if  

   𝐜𝐜(𝑡𝑡) ←  𝑃𝑃𝑜𝑜𝑡𝑡𝑃𝑃𝐶𝐶𝑃𝑃𝑑𝑑𝑃𝑃𝑑𝑑 𝑜𝑜𝑤𝑤𝑡𝑡 𝑡𝑡ℎ𝑑𝑑𝑜𝑜𝑃𝑃𝐹𝐹ℎ 𝐹𝐹𝑗𝑗  ; 
𝑝𝑝𝑗𝑗 ← 𝑡𝑡ℎ𝑑𝑑 𝑤𝑤𝐹𝐹𝑡𝑡𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝐶𝐶𝑡𝑡𝑤𝑤𝑜𝑜𝐹𝐹 𝑝𝑝𝑜𝑜𝑤𝑤𝐹𝐹𝑡𝑡 𝑏𝑏𝑑𝑑𝑡𝑡𝑤𝑤𝑑𝑑𝑑𝑑𝐹𝐹 𝐜𝐜(𝑡𝑡) 𝑎𝑎𝐹𝐹𝑑𝑑 (𝑇𝑇𝑗𝑗𝑎𝑎 +  2𝑑𝑑𝑁𝑁𝑗𝑗); 

  𝐷𝐷𝑗𝑗 ← �𝑇𝑇𝑗𝑗𝑎𝑎,𝑝𝑝𝑗𝑗� ; 
if 𝐷𝐷𝑗𝑗 <  𝑑𝑑 −  𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑𝑎𝑎𝐹𝐹𝐶𝐶𝑑𝑑 then /*flattening artifact*/ 
 𝐹𝐹𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑑𝑑𝐹𝐹𝐹𝐹𝑤𝑤𝐹𝐹𝐹𝐹𝑗𝑗 ←  1 ; 
else if 𝐷𝐷𝑗𝑗 >  𝑑𝑑 +  𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑𝑎𝑎𝐹𝐹𝐶𝐶𝑑𝑑  then /*floating artifact*/ 
 𝐹𝐹𝑡𝑡𝑜𝑜𝑎𝑎𝑡𝑡𝑤𝑤𝐹𝐹𝐹𝐹𝑗𝑗 ←  1 ; 
end if 

end for 
return [𝐷𝐷]𝑚𝑚, [𝐹𝐹𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑑𝑑𝐹𝐹𝑤𝑤𝐹𝐹𝐹𝐹]𝑚𝑚, [𝐹𝐹𝑡𝑡𝑜𝑜𝑎𝑎𝑡𝑡𝑤𝑤𝐹𝐹𝐹𝐹]𝑚𝑚, [𝐶𝐶𝑜𝑜𝐹𝐹𝑡𝑡𝑎𝑎𝐶𝐶𝑡𝑡]𝑚𝑚; 
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