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An efficient Iso-Scallop Toolpath Planning Strategy using 

Voxel-Based CAD model 
 

1 METHODOLOGY 

Fig. 1 shows the modular diagram of the developed system. It takes the voxelized CAD 

model as input that can be obtained from CAD models represented in other formats like B-

rep [28], Mesh-based model [29], or point cloud [30]. The voxel-based model is used to 

generate gouge-free cutter location (CL) surface points. These points are then analyzed 

using an adaptive k-means clustering algorithm to detect high gradient regions. If such 

regions are present, the toolpath is generated using a hybrid Iso-scallop strategy. The final 

Toolpath (CL points), thus computed, are post-processed for refining the toolpath to create 

the CNC part program in the ISO format. 

 
Fig. 1 Modular Diagram of the System 

 

Various functional modules of the system and associated algorithms are discussed in the 

sections to follow. 

1.1 Iso-scallop Toolpath Generation 

After obtaining the gouge-free CL points, the next step is to select the final CL points 

based on the calculation of toolpath topology parameters such as the forward step and the 

sidestep. These parameters ensure that the surface quality (scallop height) of the final 

machined surface is within the desired limit. The traditional toolpath strategies use 

curvatures to compute this error [3]. However, the curvature computation for multi-patch 

surfaces represented in triangulated mesh form is computationally demanding and is often 

an error-prone task. The present approach eliminates this by analyzing the actual surface 

represented in the form of a voxel model.  
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Fig. 8 shows the flowchart of the developed algorithm for Iso-scallop toolpath 

generation. The gouge-free CL points, computed earlier, are taken as an input, and the 

boundary is chosen as the initial Master Cutter Path (MCP). The next set of side CL points 

is then computed corresponding to each CL point of the MCP using a Binary search 

algorithm. The process continues until the other boundary of the part surface is reached. 

The part program is finally generated by post-processing the computed set of final CL 

points. These steps are explained in detail one by one. 

 
Fig. 2 Flowchart for Iso-scallop toolpath generation 

Algorithm 1 shows the implementation steps of the Iso-scallop toolpath generation. The 

gouge-free CL points and their corresponding CC points are taken as input. The CL matrix 

is then refined in the feedforward direction (X-direction in Fig. 9), by a forward step of 50 

voxels (1 mm), in an Iso-planar manner. The boundary CL points (CLi_MCP, iϵ(1, n)) with 

Y=0 are chosen as the initial path (MCP, blue dots in Fig. 9). And offset CL points (CLi,j, 

jϵ(1,m)) are computed in the sidestep (Y) direction corresponding to each initial CL point 

based on the scallop height (hj) (red dots in Fig. 9) using an implementation of the Binary 

search algorithm as explained in Algorithm 1. This algorithm searches the array of CL 

points in the sidestep direction by iteratively dividing the search interval in half instead of 

checking each subsequent point for scallop error as in the Deletion strategy used in [20]. 

Which reduces computations considerably. For the present method, the initial default 

interval is chosen equal to the tool radius in voxel units (Dt/vs).  
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Fig. 3 Toolpath generation (a) 3D view of toolpath, (b) Top view of toolpath 

Algorithm 1 Iso-scallop toolpath generation using Binary Search Algorithm 

Input: Gouge free CL and CC points 

Output: Final CL points for Iso-scallop toolpath 

1. for each x layer  

2. i = Dt/vs ; ilower = 0; 

3.    while i<=number of CL points in y direction 

4.       iupper=i; 

5.       while (iupper-ilower)>1 //until ilower become equal to iupper 

6.          Calculate scallop height between CLi and Start point 

7.          if hi>hd //if scallop greater than the limit change interval 

to upper half and make i the middle point of the interval 

8.             iupper=i; 

9.             i=round((i+ilower)/2); 

10.             break 

11.          else // otherwise change interval to lower half 

12.             ilower=i; 

13.             i=round((iupper+i)/2); 

14.             break 

15.          end 
16.        end 
17.     Toopathi=CLi 

18.     stpt=CLi 

19.     end 

20.  end 

 

The offset CL points obtained corresponding to each initial CL point are joined to form 

the sidepath (Pathi+1), and all the intermediate points are discarded, as illustrated in Fig. 9. 

The selected side path then acts as the initial path for the next iteration. The process is 

continued till all the boundary CL points are covered (Y=Ymax). 

The scallop height used in the above algorithm is defined as the difference between the 

distance of the scallop point from the line joining the two CC points (CCs and CCj) and the 
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surface form error (hgj) shown in Fig. 10. The scallop height hj between any two CL points 

is given by Eq. 3. 

 
hj =

Dt −√(Dt
2 − d2)

2
− hgj 

(1) 

Where Dt is the tool diameter, d is the distance between two CL points, and hgj is the surface 

form error. The actual surface voxels are taken to calculate the value of hgj, which makes 

this approach to estimating scallop height accurate. Consequently, it eliminates the need to 

calculate the curvature for sidestep calculation. The hgj between the two side paths is given 

by Eq. 4.  

 hgj = max{li ×
sin(∅i − ∅j)

cos(∅i)
}∀iϵ(1, k) (2) 

Where li is the horizontal distance and ∅i is the inclination angle (with the Y-axis) between 

an intermediate voxel and the start cutter contact (CC) point (CCs), k is the total number of 

voxels between CCs and the next point (CCj) in the side path (Y) direction, and ∅j is the 

inclination angle of CCj (Fig. 10).  

To speed up the algorithm, only three intermediate voxels are taken for evaluating hgi, 

viz., the center voxel (Vp) between CCs and CCj, and its adjacent voxels (Vp+1 and Vp-1) as 

shown in Fig. 10. It is a reasonable assumption because, in general, the surface between 

the two CL points is approximated as a circular arc and the point with maximum form error 

lies near the center of the arc [20]. 

 
Fig. 4 Scallop height estimation 

Finally, the CL points obtained using the above algorithms are post-processed to 

generate the final finishing toolpath in the ISO neutral format.  

1.2 Hybrid Iso-scallop toolpath generation 

The freeform surface often has some protrusion/steep features such as a bump or a ridge 

for aesthetics and functional purposes. While calculating the sidestep using the above Iso-

scallop approach, the steepness of the part region affects the uniformity of the lay pattern 

of the toolpath and forms topological anomalies, such as cusps and self-intersections. In 

the present work, a new (Hybrid) approach has been proposed to circumvent this drawback 

of the iso-scallop toolpath.  

The hybrid iso-scallop toolpath is an extension of the Iso-scallop toolpath. It is only used 

if we have some steep features on the surface. The algorithm first identifies the regions of 

high gradients, and then an adaptive planar toolpath is generated within these regions. The 

Iso-scallop toolpath is subsequently generated on the remaining (base) portion of the 
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surface. Finally, the two toolpaths are stitched and refined to create a continuous toolpath 

and reduce unwanted air cutting. The hybrid approach is explained in the sections to follow. 

1.2.1 Region detection  

The primary task herein is to identify the regions with steep protrusions/steps. An actual 

multi-patch surface part could have many such areas. To make the approach generic and 

automatic, we propose a region segmentation approach using the adaptive k-means 

clustering algorithm [31]. The advantage of using an adaptive k-means algorithm is that it 

doesn’t require predefining the number of clusters (regions). However, we need to set the 

maximum limit on the number of clusters. In our case, we have limited it to 10. 

Fig. 11 shows the flowchart of the developed approach. The essential steps of the 

clustering algorithm are as follows.  

1. Reshape and refine the input CL points into X, Y, and Z matrices. 

2. Compute the gradients (δi,j) of Z matrix in the sidestep (here, Y) direction (Eq. 5,  

Fig. 6 12 (a)). 

 δi,j =
z (i, j +

d

2
) − z (i, j −

d

2
)

d
 (3) 

Where d is the distance between the CL points. 

3. Create clusters of the gradient values using the adaptive k-means clustering 

algorithm (Algorithm 2, Fig. 12 (b)). 

4. Take the values from X and Y matrices corresponding to the location of gradients 

that belong to the cluster with the largest gradient values. 

5. Finally, create clusters of high gradient regions based on their X and Y locations to 

segregate the features ( Fig. 6 12 (c)). 

 
Fig. 5 Region detection Method 
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Fig. 6 Region detection phases (a) Gradient map of face model, (b) Clusters based on 

gradient, (c) Final Clusters based on location of high gradient cluster 

To summarize, we first calculated the gradients of the sparse height map of the CAD model 

in the direction of toolpath generation (here, +Y). These gradients were then grouped into 

different clusters based on their numerical values. Then the high gradient regions (cluster 

with the largest gradients) were further segmented based on their spatial location (X-Y).  

The following section explains how these segmented regions are used to generate the 

toolpath. 

Algorithm 2 Adaptive k-means clustering [31] 

Input: Array of points 

Output: k Clusters 

1. while(true) 

2.     seed = mean(array); // Initialize seed Point. 

3.     while(true) 

4.         dist = (sqrt((array -seed).^2)); // Find distance between Seed and array 

values 

5.         distth = (sqrt(sum((array -seed).^2)/numel(array))); // Find bandwidth 

for Cluster Center. 

6.         qualified = dist<distth; // Check presence in selected Bandwidth 

7.         newseed = mean(array(qualified)); // Update seed.         

8.         if seed == newseed || j>10 // Condition for convergence and maximum 

iteration. 

9.             array(qualified) = []; // Remove clustered values 

10.             center(i) = newseed; // Store center of cluster. 

11.             break; 

12.         end 

13.         seed = newseed; // Update seed. 

14.     end 

15. end 

16. Choose the array values based on distance from the centers 
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1.2.2 Adaptive Region-wise Toolpath Generation 

Next, the adaptive planar toolpath is generated for each high gradient region as in [20]. 

This module takes the gouge-free CL points within the region bounds obtained from 

clustering as input. The steps to create the toolpath are explained below: 

1. Taking the boundary CL points with Y=0 as the initial path (Pathi) (shown by blue 

dots in Fig. 13), find the scallop height between the initial path and the subsequent 

side path (Pathi+1) using Eq. 3.  

2. If the scallop height (hj) for all the CL points of Pathi+1 is less than the desired value 

of scallop height (hd), discard Pathi+1. 

3. Repeat steps 2 and 3 until scallop height hj at any point exceeds the hd.  

4. Select the penultimate path, i.e., Pathi+n-1, as the selected side path, and delete all 

the intermediate CL points  

5. Repeat steps 2 through 5 till the last side path (Y=Ymax). 

 
Fig. 7 Deletion strategy: (a) 3D view of toolpath, (b) Top view of toolpath [20] 

As can be seen, the Iso-scallop strategy proposed in this work is different from the adaptive 

planar. In Iso-scallop, the offset CL point is calculated for each initial CL point. But in 

adaptive planar, a conservative approach is taken by determining the closest iso-planar 

(straight) offset side path. 

1.2.3 Stitching and Refining 

After the region-wise toolpath generation, the Iso-scallop toolpath for the remaining 

portions of the surface is generated by following the same procedure (Section 5). The Iso-

scallop and adaptive planar region-based toolpath together form the complete toolpath to 

machine the part surface. However, lifting the tool every time the base iso-scallop toolpath 

encounters a region and individually visiting each region later would incur unnecessary air 

cutting. In addition, it would leave noticeable boundary (region) marks at the junction of 

the regions. Therefore, a stitching strategy to create a continuous tool path is proposed. 

Important steps are enumerated below.   

Input: Base Iso-scallop toolpath and Region-based toolpath 

Output: Continuous (Stitched) final toolpath 

1. Scan all the side paths of the base Iso-scallop toolpath one by one. 

2. Trace Y coordinate (Yi,j
s ) of the base Iso-scallop Path (Pi

s), along the lay in the 

positive X direction and stop whenever a region boundary is found. 

3. Select the point Yi,inter
s  of the Pi

s where the path intersects the region (Rk) 
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4. Find the path Pl
k with Yl

k ≅ Yi,inter
s ∈ (Yi,inter−1,

s Yi,inter+1
s ) in the Toolpath of Rk, 

i.e., pick the nearest path 

5. Insert Pl
k in Pi

s at Yi,inter
s  and join the preceding and succeeding paths with it 

6. Continue tracing till the last CL point of Pi
s. 

7. Repeat steps 2 through 6 for all i ∈ (1, n), where n is the number of side paths in 

the Iso-scallop toolpath. 

8. Add remaining portions of the region toolpath to the base toolpath. 

A schematic view of the continuous (stitched) tool path is shown in Fig. 14 (b). The 

conventional Iso-scallop Toolpath (Fig. 14 (a)) produces a squeezing effect with sharp 

turns in the toolpath around the steep region, which reduces the actual feed rate during 

machining, thereby decreasing the efficiency of the toolpath [17]. In comparison, the 

Hybrid Iso-scallop strategy gives a continuous toolpath that would maintain the dynamic 

stability of the machine with smooth tool movements. It also gives a uniform lay pattern 

and minimal stitching marks and would thus, provide superior surface quality. 

The developed system of tool path planning has been rigorously tested for different case 

studies presented in the next section. 

 
Fig. 8 (a) Effect of high gradient region on Iso-scallop, (b) Hybrid Stitched Toolpath 


