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Abstract - In the present instant, there are a number of 

important obstacles that are preventing the broad use of 

automated robotic solutions to complex activities. For instance, 

in high-mix/low-volume activities, there is frequently an 

excessive amount of uncertainty that makes it impossible to 

correctly hard-code a robotic work cell. This is because of 

inefficient sensing and the unpredictability of the job. A 

significant number of the currently available frameworks for 

collaboration are focused on including the senses that are 

required for successful physical cooperation. A route planner, a 

route simulator, and a result simulator are all essential elements 

that come together to form the framework that has been 

proposed. Through the use of an integrated user interface, the 

operator is able to connect with these modules, making 

modifications to the path plan before automatically authorising 

the job for execution by a manipulator that does not require 

collaboration. The collaborative framework is presented for a 

pressure washing task in a situation that falls under the category 

of remanufacturing, where each component requires one-off 

route planning. Shot peening, deburring, grinding, sandblasting, 

and spray painting are some of the additional operations that 

might be incorporated into the configuration of the framework. 

It is possible that surface preparation and coating might be 

automated in such environments through the utilisation of 

automated route planning for industrial spraying operations. In 

the literature, autonomous spray route planners have 

concentrated on continuous and convex surfaces; however, the 

majority of the components that are found in the actual world do 

not adhere to the assumptions that they have established. 

Adjustments can be made to the movement speed or offset 

distance at certain points along the route in order to 

accommodate the requirements of the specific path. In addition, 

the creation of the route planner takes into consideration the 

trade-offs that are associated with path adaptation as well as the 

relative efficacy of various adaptive strategies. 

 

Key Words:  collaborative framework, cognitive function 

spraying operation,reliability,robotics. 

 

 

1.INTRODUCTION  

 
Building an automated pressure washing work cell capable of 

handling the majority of the Army's rework and rebuild depot 

components was the initial objective of this project. The large 

variety of part sizes and geometries necessitating frequent 

cleaning made this task challenging. Tank bodies and minor 

parts are cleaned on pallets at this facility. The problem was 

made worse by the fact that determining the part's geometry was 

next to impossible. This is particularly challenging for repair and 

rebuild facilities due to a lack of data, variations in parts that are 

easy to detect, and the use of a manual technique with unique 

parts.  Most organisations have opted to complete the operation 

manually rather than automate it because of these difficulties. 

Unfortunately, the technology required to automate these 

physically demanding vocations was either prohibitively 

expensive or overly complex until recently, making this method 

the most frequent. Automating full coverage path planning in a 

consistent and cost-effective manner is a challenging task. It's 

certainly doable, but a new path design isn't necessary for the 

majority of automated tasks. Preprogrammed parts are typically 

repeated using them. Collaborative robotics pioneered the notion 

of combining human cognitive function with automated robotic 

system accuracy and endurance since humans are skilled at 

determining what needs cleaning and automated systems can 

make effective path plans on the fly. The quality of the path was 

enhanced with the use of adaptive path planning in comparison 

to the naïve technique. This project was divided into two issues 

because of its growing breadth. Describe the collaborative 

system in detail, beginning with input and ending with process 

execution after user verification. Could you please describe a 

pressure washing adaptive path planner. 

 

 
 

Figure 1: Spray Optimization. 

 

 

1.1 A COLLABORATIVE FRAMEWORK FOR 

ROBOTIC TASK SPECIFICATION 

 

Since the first industrial implementations of robotic solutions in 

manufacturing environments, task specification has been one of 

the toughest and most time-consuming parts of the 

implementation process. As robotics has advanced, so has the 

technology surrounding task specification; however, there is still 

a need for the operator to physically program the robot. While 

this is fine for low-mix, high-volume production processes, it is 

a very restrictive requirement for the automation of lower-

volume processes. Automated task specification would go a long 

way toward alleviating some of the hurdles faced by high-mix, 
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low-volume processes. However, the implementation of 

automated robotic solutions for complex tasks currently faces a 

few major hurdles. Lack of effective sensing and task variability 

create too much uncertainty to reliably hard-code a robotic work 

cell. Collaborative robotics have proven effective for mitigating 

uncertainty by mixing human cognitive function and fine motor 

skills with robotic strength and repeatability. Yet, there are many 

instances where physical interaction is impractical, as human 

reasoning and task knowledge are still needed. The solution is a 

framework that blends the latest developments in automated task 

specification with the experience and cognition of a human 

operator to provide a more accurate task specification. While this 

chapter does focus on surface finishing tasks such as pressure 

washing, sandblasting shot peening, deburring, grinding, 

sanding, and wire brushing, the framework can also be applied to 

any robotic task that does not have a predefined path, such as 

assembly, inspection, packaging, and pick-and-place operations. 

 

 
 

 

2. Methodology 

 
This approach involves taking some initial 3D data, given as an 

STL file in this case because the algorithm requires normal 

vector, and building a convex hull around it to eliminate the 

collision and accessibility issues created by non-continuous and 

concave surfaces. However, given a method for determining 

normal vectors and building a tessellated mesh from a point 

cloud, any number of 3D data gathering methods could be used. 

At this point, the mesh is converted into a point cloud where the 

centroid of each facet is linked to the normal vector of that 

facet. The path is then built based on the convex hull using a 

slicing based method that relies on the following input 

parameters: a rotation axis and the degrees of rotation, which 

serve to modify the slicing direction, as it is unlikely that the 

part will actually be moved if the scanner is calibrated and 

registered correctly; and a slice thickness, an offset distance, 

and an overlap percentage, which serve to quantify how much 

work will be applied to the part. Once the path has been built, 

the points from the original mesh, now represented as a point 

cloud, are mapped to specific segments of the path. In some 

cases, a point can be mapped to multiple segments.  

 

 
 

 

2.1 Path Building on the Slice 

 

Within each slice, which are represented as planes defined by 

𝑍=ℎ𝑠, the intersecting facets 𝐹𝑠 of the convex hull H are found 

by, 

 

 
 

where 𝒒𝑓𝑖𝑍 is the Z value of vertex i of facet f on the convex 

hull H and ℎ𝑠 is the height of slice s. If a facet has one vertex 

above or below the plane and the other two are on the opposite 

side it is considered to be an intersecting facet and is included in 

the set. When a facet is sliced directly on a single vertex, it is 

included, and the following interpolation is not necessary. This 

produces a geometrically finalised toolpath for slices, excluding 

the inversion of the normal vector to properly represent the end 

effectors' orientation. However, each data point is still lacking 

the seventh data point, the time to move between points, needed 

for a full representation of the trajectory. The resulting 

trajectory for the slice is defined as, 

 

𝐺𝑠= {[𝒑,𝒏 ̂𝑝,Δ𝑡𝑝] | Δ𝑡𝑝= 𝑑𝑝/𝑣0      ∀ 𝒑 ∈ 𝑃𝑠} 

 

where Δ𝑡𝑝 is the time to move from 𝒑𝑥−1 to 𝒑𝑥, 𝑑𝑝 is the 

distance between the two points, 𝒏̂𝑝 is the normal vector 

corresponding to point p, and 𝑃𝑠 is the ordered set of all path 

points on slice s. It should be noted that the time to move to the 

first point in the path, 𝒑0, is zero. 

 

The true surface is represented by a set of ordered pairs of 

points and normal vectors, 𝐶={𝒄,𝒏 ̂}. The points are sampled 

from the workpiece’s tessellated mesh, and each point is paired 

with the unit normal vector of the facet from which it was 

sampled. To avoid ambiguity regarding the unit, to this point, 

all path planning has been done on the convex hull. This will 

henceforth be referred to as the “naïve” tool trajectory since it 

does not consider the underlying surface topology. The 

following sections describe methods for adapting the naïve 

trajectory based on the actual part surface. This is accomplished 

by associating features of the underlying surface with segments 

of the toolpath and adjusting the tool offset distance and/or 

velocity based on aggregate descriptions of the underlying 

surface’s position and orientation with respect to the convex 

hull. The true surface is represented by a set of ordered pairs of 

points and normal vectors, 𝐶={𝒄,𝒏 ̂}. The points are sampled 

from the workpiece’s tessellated mesh, and each point is paired 

with the unit normal vector of the facet from which it was 

sampled. To avoid ambiguity regarding the unit normal, points 

should not be sampled from facet edges. Sampling strategy is a 

tradeoff between resolution and computational load, and it has 

implications for how each surface facet influences the adjusted 

tool trajectory. A simple method is to take the centroid of each 

facet. This insures that each facet is represented in the ensuing 

calculations but has disadvantages when facet size varies 

significantly or facet aspect ratios are high: Areas of high 

curvature (many small facets) can dominate areas of low 

curvature (fewer, larger facets), and the centroids of high-

aspect-ratio facets can be far from their associated vertices. The 

disadvantages may be mitigated by enforcing a uniform 

sampling resolution within facets; however, this can 
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significantly increase the number of points and thus the 

computational load.  

 

Ideally, all points, 𝑐∈𝐶𝑠 , within the volume swept by the spray 

cone as it moves from point 𝑝𝑖 to 𝑝𝑖+1 would be mapped to that 

toolpath segment; however, this is computationally expensive 

both in terms of mapping points and the subsequent calculations 

where points are associated with multiple segments. Instead, 

this research opts for a binned approach, whereby each point is 

assigned to a single segment according to its polar coordinate 

relative to the origin, as in Figure 7. This assumes that the part 

has been centered on the origin, otherwise the centroid of the 

convex polygon could be used in its place. It is further required 

that the surface facet(s) represented by each point are oriented 

so as to be exposed to the spray. This is accomplished by 

defining the segment normal. 

 

Using this collection of binned points, the algorithm has the 

option to adapt the path by adjusting the distance from the part, 

the velocity of the move or both for each bin within each slice. 

The process for using both adaptive methods is relatively 

straight forward when used separately, the distance-based 

method looks at the aggregate distance from the end effector to 

all of the affected points and adjusts accordingly and the time-

based method looks at the aggregate incidence angle between 

the orientation of the end effector and the normal vector of each 

affected point. However, there is one constraint on how they can 

be used together. Due to the change in positions created by the 

distance-based adapting method, which can have an effect on 

the distance between points and thus the time needed to 

complete the move, the time-based adapting method must be 

used after the distance-based method for accurate results. 

 

One of the shortcomings of this methodology is the fact that 

each adaptive algorithm only considers one data type when 

making a decision on how to adapt the path. Ideally, every 

decision should be made with all of the available data, but 

sometimes different data types can skew the results. In this case, 

using the incidence angle as an indicator of how much the path 

offset distance should be adjusted would cause the distance to 

be adapted too much to the point where the sprayer width is 

narrower than the offset width. This causes gaps in the raster 

pattern which then requires replanning later on. Alternatively, 

using distance from the part to influence the velocity of the end 

effector does not cause the same path breaking issues, but it 

doesn’t necessarily help all that much either. If the end effector 

is already too far away, the overall performance of the path 

would be much better served by adjusting the distance rather 

than extending the exposure time and thus lengthening the 

overall execution time. 

 

The adaptive process can begin by defining the adjustment 

value for each bin as, 

 

𝜓𝑏= min(𝑑𝐴𝐺𝑏− 𝑑O ,𝑥𝑑O) ∀ 𝑏 ∈ 𝐵𝑠 

 

where 𝐵𝑠 is the set of all bins on slice s, x represents the 

maximum percentage that the path can adapt by with regards to 

𝑑O, and 𝑑𝐴𝐺𝑏 is defined as the aggregate distance value of all 

points in the bin, which can vary based on the aggregation 

method. Ideally, this returns a value of zero, meaning no 

adjustment is needed and the aggregate distance is equal to the 

desired offset distance. The adjustment value is limited in range 

so that the path will not be moved within the convex hull by 

over adjusting. In this case, x = 0.95. This is necessary because 

a value greater than or equal to 1 would result in an adjustment 

greater than the offset distance itself which would cause the new 

position to be inside or on the convex hull. While this may not 

create any collision issues, there is always the possibility and 

thus is must be accounted for. Alternatively, a minimum 

distance could be defined and the adjustment would occur on 

the remaining distance beyond the minimum distance. It should 

also be noted that the aggregate method used depends on the 

user’s initial input. If necessary, the new path points are 

determined by, 

 

𝒑= 𝒑− (𝒏𝑝̂ 𝜓𝑝 ) ∀ 𝒑 ∈ 𝑃𝑠 

 

where 𝒏𝒑̂ is the unit vector of the corresponding surface normal, 

𝑃𝑠 is the path for slice s, and 𝜓𝑝 is the adjustment value of the 

path point which is defined as, 

 

𝜓𝑝=max(𝜓𝑏𝑝 ,𝜓𝑏𝑝−1) 

 

where 𝜓𝑏𝑝 is the adjustment value of point p in bin b. The max 

of the two bins that share the point is used to ensure that the bin 

needing the most adjustment gets it. For path smoothness, a 

moving average of the adjacent bins can be used to determine 

how much adjustment is needed for each bin by taking the mean 

of a few adjacent values on both sides of the bin. An example of 

distance-based adaptation is shown below in Figure 10 as an 

individual slice of Part C, where both the naïve path, in blue, 

and the distance adapted path, in red, have been plotted along 

with the facets that are captured within the slice, the exact 

slicing height is shown to the right of the path analysis. 

 

 
 

Figure 4: Distance vs Native path plan 

 

In order to determine the best method for producing better 

toolpaths, two factors were considered. The type of adaptive 

algorithm used has two levels: Distance and Distance + Time, 

and the type of statistical aggregate method used, which has 

four levels: Mean, Mode, Min and Max.  

 

3.Results and discussion 

 
The findings presented here are derived from a collection of five 

test pieces that are presented in Appendix A. The other three 

pieces were acquired from online 3D CAD databases to reflect 

common geometries that are found in the real world. Two of the 

parts were particularly built to show how the planner makes 

alterations to the path, while the other three were borrowed 

from the internet databases. In order to investigate whether or 

not there were any interactions between the two components, 

preliminary analysis was carried out using ANOVA. Following 

a two-way study, the statistical approach was deemed to be 

multi-colinear, and it was therefore rejected. Due to the fact that 

the aggregation technique directly affects all data in the same 

and typically equal manner, it is not surprising that a one-way 
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analysis of variance (ANOVA) investigation revealed that there 

was some importance to the type of statistical approach that was 

utilised. In other words, if one were to use common sense, it 

would be reasonable to assume that adaptation based on the 

minimum values would be higher than adaptation based on the 

mean, which would be higher than adaptation based on the 

maximum values. From this point forward, the study will 

concentrate on the distinctions between adaptive techniques by 

averaging the results obtained from each treatment that is 

categorised according to the adaptive approach.  

 

 
 

 
 

 

 
 

 
 

 

 

Part B a specifically designed test cube intended to show how 

the algorithm reacts to changes in incidence angle and thus how 

it adapts velocity and time. While the results are a bit difficult to 

see as the mean surface is mostly convex and requires little path 

variation, when viewed in real time, a real change in velocity 

can be observed. This part also demonstrates one of the key 

issues with flat surfaces on the convex hull. There is a distinct 

difference of coloration between facets on the same plane due to 

the large facet size which causes the centroids to be captured in 

different slices and thus adapted differently. This also causes the 

path to be unevenly adapted despite the mean surface being 

consistent throughout.  

Part C is a simplified wheel rim that has been sliced in the 

vertical orientation to provide more complexity as opposed to 

being sliced laying down. One of the unique features of this part 

is that, due to the edge of the rim, the bins on the path tend to 

catch points with very different normal vectors and distances. 

This part experiences some inconsistent impingements due to 

the sampling error described above. The interior of the wheel 

also showcases facets within the effective spraying distance, but 

with perpendicular normal that receive almost no significant 

cleaning as well as facets that have completely parallel surface 

normal but still can’t meet the minimum effective spray 

distance despite distance adaptation. 

Part D is a rotor blade from an engine that has been reduced 

from its original facet count for computational efficiency. The 

original part is shown in Appendix A. While this may look ugly, 

it is a good approximation of the surface for the algorithm’s 

purposes and allows for each facet to be considered and given 

an impingement value, which is very difficult to do when the 

part is down sampled. Due to the shape of the rotor, distance-

based adaptation for the full part is hindered by the edges of 

each fin. Here the reduction does not have a large effect on the 

visible geometry. This part represents an extreme challenge of 

tool point accessibility. In this case, the sprayer cannot invade 

the convex hull, which makes it very hard to effectively cover a 

large portion of the part.  

 

3.1. DISCUSSION 

 

From these results, the most consistent, effective and cheapest, 

in terms of computation time, method for adapting the naïve 

path is as follows: Begin by adapting the naïve path using the 

distance-based method, evaluate the quality of the path and if a 

standard is not met, adapt the path based on time if required. 

Otherwise, the time-based adaptive method is not needed. This 

can be seen across all of the adaptive algorithm charts in 

column 1 of Figure 13 which shows a significant decrease in 

low impingement values from the naïve to the distance adapted 

path and again when adapting by both distance and time and is 

summarized in Figure 20. While the values in the figure for 

parts B and D are not exactly convincing, they can be explained 

by geometric abnormalities as discussed above. Overall, these 

findings are consistent with the fact that work done by spraying 

is highly nonlinear when adjusting distance, which makes it a 

critical part of the process when calculating actual work done. 

This method was also chosen because the benefits of adapting 

based on time are nowhere close to the benefits of adapting by 

distance and choosing only to use it if the distance method 

cannot meet the requirements saves significant computational 

time. Aside from computational time, adjusting the time for 

each bin generally creates a longer path completion time, which 

is not ideal. Further compounding the issue of time, some 

distance adjustments can actually lessen the overall completion 

time. It should also be noted that the mean aggregation method 

is preferred because it gives a better representation of all points 

in a bin. While taking the minimum definitely returns better 

values, it can be unnecessarily affected by outliers. The same 

holds true for the maximum value. And while the mode might 

make sense, these are continuous values and thus it is not very 

likely to consistently find multiple occurrences of the same 

value. The difference between using max and min values can 

also be made up by increasing the sprayer pressure. 
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At the beginning, the rationale for developing this algorithm 

was to allow for smooth path planning for very complex parts, 

which is something it excels at. No matter what geometry is 

provided to the planner, the resulting path will always resemble 

a convex part with accessible tool points barring any robot 

specific accessibility issues. Other than reach, there are no 

geometrical constraints preventing the execution of the resulting 

path. For the largest parts, placing them on a rotary table would 

allow for a robot with a smaller accessible workspace to fully 

execute the path. While this path will certainly cover the part, 

the adaptive methods used allow for more contextualized paths 

that would not be possible with a simple slicing method on the 

convex hull. The natural alternative to this would be to forgo 

any convex hull path and then slice the part itself directly. 

However, the idiosyncrasies of the resulting path would more 

than likely be very difficult for a robot to achieve in a smooth 

fashion. 

 

This adapted path is especially useful in situations where quality 

path plans are needed in a timely manner that do not require 

perfect precision, without any or minimal human interaction. As 

mentioned previously, one-off path planning is a good 

application for this methodology, along with being used as a 

starting point for mass produced toolpaths that can be tweaked 

by a human operator. While these adapted paths do a good job 

of accommodating the surface topology of the original part 

despite being built from the convex hull, the paths could be 

improved by defining a safe way to invade the convex hull 

without creating any collision issues. There are a variety of tool 

accessibility and visibility algorithms available to verify 

whether or not a defined path is achievable or not [41]. 

However, the computational load required for these methods 

would significantly slow down the path building process. With 

that being said, it is certainly possible to improve computational 

time by reworking the algorithms and using better processors to 

a point where this difference is negligible. 

 

As discussed previously, there are some shortcomings to this 

methodology. Ideally, every decision should be made with as 

much relevant data as possible, but sometimes different data 

types can skew the results. In this case, using the incidence 

angle as an indicator of how much the path offset distance 

should be adjusted would cause the distance to be adapted too 

much to the point where the sprayer width is narrower than the 

offset width. This causes gaps in the raster pattern which then 

requires replanning later on. Alternatively, using distance from 

the part to influence the velocity of the end effector does not 

cause the same path breaking issues, but it doesn’t necessarily 

help all that much either. If the end effector is already too far 

away, the overall performance of the path would be much better 

served by adjusting the distance rather than extending the 

exposure time and thus lengthening the overall execution time. 

Another drawback to slicing based methods is that there are 

usually two sides left uncovered. When sliced along the Z axis, 

the top and bottom sides are the ones left uncovered. For 

complete coverage, the part can be sliced along a different axis 

to cover the uncovered sides. Currently, the slicing direction is 

determined from user input and is derived as being 

perpendicular to one of the three axes. For more accurate 

slicing, the slicing planes could be derived as being 

perpendicular to any arbitrary vector and methods could be 

developed for defining that vector based on the overall 

orientation of all of the facets. Theoretically, the ideal slicing 

direction would be perpendicular to the average normal vector 

of all facets, but the specifics require a more thorough 

investigation. 

 

As more and more complex path planners are developed, the 

benefit of saving time by only adapting the distance may fade 

depending on the process parameters. When the distance is 

shortened too much and the overlap percentage is not large 

enough to compensate, there is the possibility of gaps being left 

in between passes of the sprayer as described above. In order to 

ensure complete coverage, the adjusted section would need to 

be replanned with a thinner slice thickness, which would result 

in multiple passes and ultimately more time used. Currently, 

this replanning is achieved through a separate process that 

requires user feedback, but in the future a dynamic system that 

can achieve this on the fly is ideal. Regardless, these path plans 

provide a good starting point for human iteration by identifying 

the areas on the part that need more cleaning, whether this be in 

a collaborative system or as the beginning of a path plan for a 

mass-produced part. Eventually, these systems will get to the 

point where they can effectively cover any part placed within 

their reachable volume on their own with no human intervention 

required. 

 

 

4. Conclusion 
 

The widespread use of robots in manufacturing will inevitably 

lead to completely autonomous systems being the standard. By 

first considering the convex hull and then making adjustments 

for the original section, a great deal of the challenging 

geometrical issues are eliminated from the equation in this two-

part method of generalised path planning. Although both 

approaches do improve toolpaths and may be justified 

depending on the time trade-off on that part, adjusting based on 

distance is clearly the most effective way to achieve better 

results when comparing adaptive methods and considering 

tradeoffs for the simplified paths. If nothing else, these results 

show that good toolpaths may be achieved with some sacrifice 

of precision, even without complex and time-consuming path 

design methods. This method does offer a solid foundation for 

agile route planning in industrial spraying operations involving 

complex, unique components, but there is certainly room for 

improvement in many areas going forward. Collaborative 

robotic pressure washing work cell installation was initiated. 

Both the initial planning and rework modules of the framework 

may make use of the path planner discussed in chapter 3, while 

the framework outlined in chapter 2 establishes standards for 

system design and infrastructure. The pressure washing work 

cell served as the inspiration for this project, and a prototype 
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system was developed to represent it while designing the 

framework and path planner. As it stands, the prototype system 

incorporates all the ideas presented in the papers with the 

exception of the work cell's actual implementation. Before the 

adaptive path planner takes control and develops an initial path 

plan, the user is asked to submit the first 3D data and input 

settings. Once the user has seen the visualisation, they may 

either approve the path or choose which parts to replanning. 

You may either add the newly planned route to the existing one 

or completely change it if replanning is necessary; either way, 

you'll be asked for certain input parameters again. In the future, 

there is still room for improvement in the analytical methods 

used to predict the route plan's coverage of facets. This is 

particularly true for parts with complicated geometries that the 

sprayer could miss. When adaptive measures reveal previously 

covered components, there needs to be a more sophisticated 

path planner that can dynamically alter the path's structure. 

Creating a real prototype from a digital one is the next logical 

step, after the research-based advancements. Two things must 

occur for this to be accomplished. Before the robot can begin 

the work, the route planner's output must be reviewed and 

adjusted to account for its physical constraints. Secondly, a 

method must be established to collect the part's 3D data in 

relation to the robot.  
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