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 The modern manufacturing industry is increasingly focused on robotic 
machining for soft materials, such as foam, due to its ability to provide 
precise automated operations. This study examines the effect of robotic 
movement parameters on soft material machining, considering material 
surface quality and machining time for strategy comparison. The testing 
of the Parallel and Equidistant machining methods revealed their 
operational capabilities and practical viability. The parallel method 
promotes robot motion stability and controlled amplitude, resulting in 
uniform machining outcomes. In contrast, the equidistant approach 
results in irregular robotic movement and oscillatory amplitude 
variations, which can lead to surface imperfections and reduced 
efficiency. The success of this research was driven by SprutCAM’s 
comprehensive simulation capabilities, including its visualisation tools, 
which enabled prior to actual machining, reduced testing time, expanded 
operator options, and automatically aligned processes to enhance 
efficiency. Simulation data from SprutCAM has been proven 
instrumental in identifying key motion factors crucial for improving 
machining results. The findings highlight the indispensable role of 
simulation tools, such as SprutCAM, in robotic machining to ensure 
precision and consistency during the foam processing process. As a 
result, machining time is reduced, surface quality improves, and the 
performance of robot axis movement is refined alongside toolpath 
strategies. These results suggest that simulation-based process 
optimisation can significantly benefit modern manufacturing by 
providing essential principles for advancing robotic machining 
techniques. 
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1. INTRODUCTION 

In recent years, foam has been used to replace various engineering materials in a variety of applications, 
primarily due to its beneficial mechanical properties, including light weight, high energy absorption, and 
ease of machining. The foam is widely used in industries such as automotive, aerospace, packaging and 
biomedical engineering, especially in the production of prototypes, insulation components, protective 
packaging and anatomical models. The foam materials are characterised by specific properties such as low 
density, high strength, low thermal conductivity, and exceptional sound insulation, making them suitable 
for a wide range of applications. The remarkable combination of impact resistance, environmental 
sustainability, and non-toxicity makes foam materials an ideal choice for numerous contemporary uses [1], 
[2]. The exceptional strength-to-weight ratio, along with their thermal and acoustic insulation properties, 
further sets foam materials apart from other engineering materials. Fig. 1 illustrates three main categories 
of foam types: closed-cell foams, open-cell foams, and honeycomb foams [3].  

 
(a)                                                            (b)                                           (c)                   

Fig. 1. Foam material types (a) closed-cell structures, (b) open-cell structures, (c) honeycomb structures [4] 

Foam materials exist in various types, such as expanded polystyrene (EPS), extruded polystyrene 
(XPS), polyethene (PE), and polyurethane (PU) foams, each exhibiting distinct density, cell morphology, 
and mechanical performance [3], [5]. EPS and XPS foams are commonly used in packaging due to their 
lightweight and cushioning properties, while PE foams provide high resilience and flexibility. Polyurethane 
foams, particularly rigid closed-cell types, are often preferred for engineering and biomedical applications 
because of their high compressive strength, dimensional stability, and ease of machining [6-7]. Recent 
studies have highlighted the growing use of CNC and robotic milling for shaping foam components into 
precise geometries, enabling their application in prototypes, crashworthiness structures, and medical 
models [8-9]. This study focuses on machining polyurethane foam as a representative soft material, while 
acknowledging the diversity of foam types used in packaging and structural applications. 

In machining applications, closed-cell foams are often favoured due to their superior mechanical 
properties of high density, rigidity, and dimensional stability that contribute to excellent structural 
durability and accuracy. These characteristics make them well-suited for demanding industries such as 
aerospace, automotive, biomedical, and marine, where lightweight yet strong materials are essential. The 
integration of robotic manufacturing technologies further enhances their machinability, offering improved 
precision, repeatability, and design flexibility for high-performance engineering applications [8-9].   

Robotic milling is highly versatile, capable of processing a wide range of soft materials, shapes, and 
sizes, making it a valuable tool across diverse applications. The increasing use of robotic milling, 
particularly in polymer machining, has contributed significantly to the advancement of expertise in this 
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field [10]. Recent advancements in milling techniques have enabled the achievement of outstanding 
dimensional accuracy and improved surface quality. Insufficient heat dissipation during machining can 
cause material melting, and delamination problems further emphasise the importance of choosing the right 
tools and machining parameters [7]. 

Meeting specific user requirements often involves shaping foam components into complex three-
dimensional models using CAM software and CNC milling. In this process, the selection of cutting 
parameters plays a crucial role, as it directly influences the geometric accuracy and surface finish of the 
final product. Key machining parameters are spindle speed, depth of cut, feed rate, and tool selection. 
Higher spindle speeds can lead to increased vibration, while the choice of tool path significantly affects 
surface quality. Achieving an optimal Material Removal Rate (MRR) and maintaining low surface quality 
depend on the correct adjustment of cutting depth. Furthermore, selecting a cutting tool with geometry 
suited to the material’s characteristics helps minimise the risk of material damage and enhances surface 
quality. A thorough understanding of these parameters, as depicted in Fig. 2 is essential for selecting the 
appropriate settings, particularly when working with foam materials to achieve the desired surface finish 
required for various industrial applications [9], [11]. 

 

 
Fig. 2. Milling machining mechanism 

Spindle speed and cutting speed are interconnected but serve distinct functions in machining. Spindle 
speed refers to the rotational speed of the spindle, measured in revolutions per minute (rpm) [12]. It governs 
the rotational velocity of either the cutting tool or the workpiece. On the other hand, cutting speed is the 
rate at which the cutting tool advances relative to the workpiece, typically expressed in meters per minute 
(m/min). This parameter indicates the material removal rate. The following equation (Eq. (1)) describes the 
relationship between spindle speed and cutting speed: 

𝑉𝑉𝑐𝑐 = 𝜋𝜋𝜋𝜋𝜋𝜋                   (1) 

 
where 𝑉𝑉𝑐𝑐 represents cutting speed (m/min), D represents the diameter of the cutting tool or workpiece (m), 
and N represents spindle speed (rpm) 

Robotic milling necessitates frequent determination of spindle speed values, with the frequency being 
directly calculable from the spindle speed and the number of flutes. This relationship is reciprocal, where, 
for instance, when the Kuka KR120 R2700 robot provides the frequency, the researcher can compute the 
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corresponding spindle speed. The relationship between spindle speed and frequency (𝑓𝑓𝑜𝑜) is expressed by 
the following equation (Eq. (2)) [13]: 

𝑓𝑓𝑜𝑜 = 1
𝑇𝑇
𝑛𝑛 = 𝜔𝜔

60
𝑛𝑛               (2) 

where 𝑓𝑓𝑜𝑜 represents frequency, 𝑇𝑇 represents time, 𝑛𝑛 represents the number of flutes and 𝜔𝜔 = represents 
spindle speed (rpm) 

Feed rate and feed per tooth are related concepts, but they are applied in different contexts based on 
the specific study objectives and the desired output response. Feed rate refers to the linear speed at which 
the cutter moves along the workpiece [14], typically measured in millimetres per minute (mm/min). Feed 
per tooth, on the other hand, represents the amount of material removed by each tooth of the cutter during 
one revolution, usually expressed in millimetres per tooth (mm/tooth) or inches per tooth (in/tooth). The 
relationship between feed rate, feed per tooth, spindle speed, and the number of teeth on the cutter is given 
by the following equation (Eq. (3)): 

𝑓𝑓𝑟𝑟 = 𝑓𝑓𝑡𝑡 .𝑍𝑍.𝑁𝑁               (3) 

where 𝑓𝑓𝑟𝑟 represents feed rate (mm/min), 𝑓𝑓𝑡𝑡 represents feed per tooth (mm/tooth), 𝑍𝑍 represents the number 
of teeth on the cutter, 𝑁𝑁 represents spindle speed (revolutions per minute, rpm). 

Feed rate controls the machine's speed, affecting surface quality, while feed per tooth establishes the 
optimal values for both finishing and rough cutting operations. The type of material plays a critical role in 
determining the appropriate feed values. When soft materials are subjected to higher feed rates, tool damage 
can occur, whereas stiffer materials require lower feed rates to prevent such issues. 

Depth of cut refers to the thickness of material removed by a cutting tool in a single pass, usually 
measured in millimetres (mm) [15]. This parameter is essential in machining processes, particularly in 
milling. The depth of cut influences key factors such as Material Removal Rate (MRR), cutting forces, and 
tool wear during machining. The relationship is expressed by the following formula (Eq. (4)):  

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑑𝑑. 𝑓𝑓.𝑉𝑉                 (4) 

where 𝑀𝑀𝑀𝑀𝑀𝑀 represents material Removal Rate (mm³/min), 𝑑𝑑 represents depth of cut (mm), 𝑓𝑓 represents 
feed rate (mm/rev), and 𝑉𝑉 represents cutting speed (m/min) 

The depth of cut is primarily influenced by the material being processed. Softer materials, such as 
plastic, foam, and wood, can usually handle greater depths; however, excessive depth may lead to a poor 
surface finish. In contrast, harder materials like metal, alloys, and titanium require smaller depth values to 
reduce cutting forces and minimise tool wear. To minimise friction, coolants and advanced tools like 
ceramics and carbides are commonly used. [16-17].  

A practical cutting strategy is essential for flat-face milling operations using a 6-degree-of-freedom (6-
DOF) robotic arm, as it impacts both dimensional accuracy and the optimal force interaction between the 
robot and the manufacturing process. Evaluating the flat-face machining method involves assessing 
parameters that integrate dimensional accuracy with process stability, as well as the system's compatibility 
with both face and tangential milling techniques. Various studies have shown that robotic systems produce 
excellent results in terms of surface flatness and process stability during face milling operations [18-19]. 

In a typical 6-axis KUKA KR120 R2700 [20] robotic arm shown in Fig. 3, each joint (A1 to A6) has 
its own link frame that facilitates the calculation of the robot's movements and the transformations between 
different frames, enabling precise control over the robot's actions during tasks such as milling machining. 
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Each axis serves a specific purpose: A1 and A2 facilitate basic rotation, A3 and A4 manage the main arm 
movements, and A5 and A6 enable complex machining angles. These capabilities allow the robot to process 
materials at various cutting angles, including soft material where the focus is on achieving precise 
tolerances and surface quality. Surface quality is a crucial quality metric that determines whether a product 
meets its functional requirements. The machining process directly impacts surface quality, which in turn 
affects the product's overall functionality. When designing surfaces with improved adhesion properties or 
ensuring compatibility between interacting materials, surface topography becomes a crucial factor. Surface 
quality metrics are standard tools used for evaluating the conditions of container surfaces. To maintain high 
machining efficiency and achieve the desired surface quality, it is essential to optimise machining 
parameters [21]. The final surface quality is influenced by two key factors outlined by Hafner et al. [2] 
namely, the intrinsic properties of the material being foamed, such as density, viscosity, and thermal 
conductivity, which significantly influence the foaming process. Similarly, milling machining parameters, 
including cutting speed, feed rate, depth of cut, and tool geometry, play a crucial role in shaping the 
material, impacting its final quality and performance [6]. 

 
(a)                                                                                                                            (b) 

Fig. 3. (a) Link frame of the KUKA Robot  [22], (b) KUKA KR120 R2700 [23] 

The redundancy characteristic in robotic systems involves the use of a 6-DOF robot, although only 5-
DOF are essential for defining the tool's pose during the milling operation. The axis not involved in 
determining the tool's pose is known as the redundant axis, which enhances the flexibility of the robot's 
end-effector in milling tasks. This redundant axis is aligned along the tool axis. The homogeneous 
transformation matrix, which defines the tool's coordinate system relative to the robot base coordinate 
system, is given by the following expression (eq. (5)) [22]: 

𝑇𝑇𝑏𝑏𝑏𝑏 = �

−𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑟𝑟 0 𝑃𝑃𝑥𝑥
𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑟𝑟 0 𝑃𝑃𝑦𝑦

0
0

0
0

−1 𝑃𝑃𝑧𝑧
0 1

�             (5) 
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where 𝑇𝑇𝑏𝑏𝑏𝑏 represents transformation matrix,  𝑃𝑃(𝑃𝑃𝑥𝑥 ,𝑃𝑃𝑦𝑦 ,𝑃𝑃𝑧𝑧) is the position coordinate of the tool coordinate 
system in the robot base coordinate system, and 𝜃𝜃𝑟𝑟 represents the rotation angle around the redundant axis, 
which adds flexibility to the tool's movement in the milling task.   

Several toolpath strategies are available in CAM-based robotic milling, such as Equidistant Legacy, 
Deep High-Performance Cutting, and High-Performance Cutting. However, this study specifically focuses 
on comparing the parallel and equidistant toolpath strategies, as illustrated in Fig. 4, since these two 
approaches represent the most contrasting patterns in terms of machining time, robot axis movement, and 
surface quality. The selection criterion focused on maintaining the direction and magnitude of the cutting 
force vector as consistently as possible. This method improves the accuracy and realism of predictive 
outcomes by minimising discrepancies between the cutting force model and the robot's dynamic behaviour. 
The study also focused on comparing the Equidistant and Parallel strategies, assessing their impact on 
machining time, variations in axis movement on each robot axis, and surface quality. Table 1 presents a 
comparison of the Equidistant and Parallel machining strategies. 

 

  
(a)                                                          (b)                               

Fig. 4.  Machining tool path: (a) Parallel (b) Equidistant  

Table 1.  Comparison of Parallel and Equidistant Machining Strategies 

Machining 
Parameter Parallel Strategy Equidistant Strategy 

Machining 
Time [24] 

Reduces machining time by maintaining a more linear 
and efficient toolpath. 

This leads to increased machining time due to 
continuous tool engagement and complex trajectory 
adjustments. 

Surface 
Quality [25] 

Produces a more consistent surface finish with minimal 
tool overlap, reducing machining artefacts. 

Achieves a uniform material removal process, though 
tool marks may appear due to continuous 
engagement. 

Robot Axis 
Movements 
[26] 

Maintains smoother and more consistent axis transitions, 
minimising robotic stress and power consumption. 

Produces intricate and frequent axis movements, 
increasing mechanical wear and energy consumption. 

The parallel and equidistant toolpath strategies have been widely discussed in machining literature. 
Parallel toolpaths generate linear passes across the workpiece surface, which result in stable cutting forces, 
shorter machining time, and smoother surface finish [27]. In contrast, equidistant toolpaths maintain a 
constant offset from the previous pass, enabling uniform material removal but often introducing higher tool 
engagement, complex robot motions, and longer processing times [25], [28]. Recent studies confirm that 
parallel paths are particularly efficient for large flat areas, while equidistant strategies are more suitable for 
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complex geometries where consistent step-over is required [26]. These findings support the focus of this 
study, which evaluates the operational differences between the two strategies in robotic milling of foam. 

2. METHODOLOGY 

This study evaluates the effects of machining using parallel and equidistant toolpath strategies, emphasising 
SprutCAM software's role. The comparison focuses on differences in machining time, material surface 
quality, and robotic axis movement (A1-A6) through robotic machining techniques. The study analyses the 
relationship between the two toolpath strategies under identical machining parameter settings, including 
controlled spindle speed, feed rate, and depth of cut, to ensure consistent and repeatable results. The 
evaluation of surface quality was conducted using visual inspection of the machined samples and Scanning 
Electron Microscopy (SEM) to observe surface texture, cell wall integrity, and the presence of machining 
defects such as debris or tearing. This qualitative approach provides valuable insights into the machining 
behaviour of foam. It highlights the influence of toolpath selection on the final surface characteristics, 
which is critical for applications requiring smooth finishes and structural reliability. 

2.1 Simulation setup 

Fig. 5 illustrates the SprutCAM software, which is used for CAD design [26]-[30], programming setup 
[31] that support toolpath planning and collision detection to ensure smooth and optimised tool engagement 
during machining [32]. The software enables adaptive control of machining parameters such as spindle 
speed, feed rate, depth of cut, and tool orientation, minimising errors [28]. The simulation of toolpath 
selection can provide accurate trajectory predictions at machining time. It also evaluates the movement 
distances of each robotic axis (A1-A6) to analyse amplitude trends based on the selected toolpath. This 
virtual simulation approach reduces the reliance on trial-and-error methods in physical experiments, 
improving machining efficiency and surface finish quality. Furthermore, the integration of SprutCAM with 
KUKA robotics demonstrates advanced programming flexibility and accuracy in robotic manufacturing 
operations. 

 

Fig. 5. SprutCAM simulation and programming setup 

To enhance operational safety and machining accuracy, measures were implemented to prevent the 
robot from entering singularity zones or configurations that could compromise control. Real-time trajectory 
simulations, as suggested by Qiao et al. [33], were utilised to identify potential singularities and collision 
points. This allowed for immediate adjustments to the trajectory, ensuring smooth robotic movement and 
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optimal performance [34]. The control program also accounted for the linear axes and the workpiece 
positioning device's axes within the robot's operational space. Munasypov et al. [10] emphasized the 
importance of factoring in joint rotation limits and collision avoidance in control program development. 
Accordingly, strategic trajectory planning was applied to maintain continuous control, prevent singularities, 
and achieve optimal machining outcomes. The process involved several key steps, as depicted in Fig. 6, 
including trajectory generation, collision detection, singularity analysis, and program optimisation [35], 
[36]. These steps ensured precise, reliable, and safe robotic machining operations. 

 

Fig. 6. Robot machining process planning using simulation-based techniques  

Optimising processing parameters in SprutCAM is critical for developing accurate robot control 
programs. The relationship between the defined mathematical accuracy and the maximum linear deviation 
determines the number of interpolation points along the robot's motion trajectory. These points represent 
the coordinates in space that define the cutting tool path, where a greater number of points results in 
smoother motion but may increase the robot's processing load. Gao et al. [37] highlighted that accurate 
trajectory tracking necessitates the control scheme's dynamic model to faithfully represent the robot's real 
dynamic behaviour. Correct alignment of this model improves motion precision, stability, and overall 
machining performance in robotic applications. When machining highly soft material such as foam for 
prototyping purposes, the robotic arm showed remarkable performance, exhibiting qualities comparable to 
those of high-precision machine tools [38]. Table 2 presents the tool parameters and cutting conditions from 
the robotic milling experiment, including two machining strategies: Parallel Path and Equidistant Path, each 
offering different material removal behaviours. 

Table 2. Tool settings and cutting parameters for the robotic milling experiment 

Tool Parameters 
Material High Speed Steel (HSS) 

Number of teeth 2 
Diameter (mm) 10 

Milling Condition 

Spindle Speed (rpm) 18000 
Feed Rate (mm/min) 1500 
Depth of Cut (mm) 1 
Workpiece material Foam 

Machining Strategies Parallel Path 
Equidistant Path 

2.2 Experiment setup 
 

This experimental study evaluates the effects of machining parameters (spindle speed, feed rate, and 
depth of cut) on machining time, material surface quality, and robot axis movement. The workpiece material 
used was closed-cell rigid polyurethane foam (PUF), with machining dimensions of 50 mm × 100 mm and 
a total material size of 150 mm × 180 mm × 140 mm. Table 3 details the material's mechanical and physical 
properties. A two-flute carbide flat end mill (10 mm diameter, 70 mm total length) was utilised for the face 
cutting test. Robot machining was performed using a 6-axis KUKA KR120 R2700 milling robot, employing 
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two strategies: parallel and equidistant toolpaths, to assess their impact on the foam material. After 
machining, the surface quality of the foam samples was evaluated visually and further examined using a 
TM3030 Tabletop Scanning Electron Microscope (SEM) with SwiftED3000. The SEM analysis provided 
detailed observations of surface morphology, microstructural features, and evidence of machining-induced 
defects, such as tear or debris. 

Table 3. Foam material characteristics [7] 

Description Properties 
Density 50 kg/m3 
Thermal Conductivity 0.020 WmK 
Compressive Strength 350 Kpa 
Dimensional Stability  
@ -20 °C 
@100 °C 

 
0.3% 
0.3% 

Close Cell Content 93% 
Water Absorbed (Max) 2% 
Storage Keep Dry 

The foam used in this study is categorised as closed-cell rigid polyurethane foam (PUF), which is 
widely applied in protective packaging, insulation, and structural components. Polyurethane foam is 
preferred in machining studies due to its dimensional stability, high compressive strength, and uniform cell 
morphology, which allows consistent experimental evaluation [6-7]. Other packaging foams, such as 
expanded polystyrene (EPS), extruded polystyrene (XPS), and polyethene foams, exhibit different cell 
structures and mechanical behaviours [4], this study focuses on polyurethane foam as a representative 
closed-cell foam material. 

The experiment was conducted under controlled conditions, where machining parameters such as robot 
spindle speed, feed rate, and depth of cut were carefully regulated to minimise variability and ensure 
accurate results. Parallel and equidistant toolpath strategies were used to evaluate the effect of these 
parameters on foam surface quality. Machining time was manually recorded and compared with SprutCAM 
simulation times to analyse the accuracy of simulated cutting time. The experimental setup, shown in Fig. 
7, featured a vacuum-secured foam workpiece on a flat, stable table to minimise vibration during 
machining. Mundim et al. [39] highlighted that shorter tools reduce vibration by limiting cutting length and 
preventing machining, particularly crucial for soft material where lower stiffness necessitates reduced force 
for improved stability. Similarly, Niu et al. [40] confirmed that shorter tools enhance stability by reducing 
cutting force and vibration. This setup underscores the advanced control offered by robotic manufacturing, 
ensuring consistent and reliable experiments under precise cutting conditions. 

 

Fig. 7. Experimental setup 
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3. RESULT AND DISCUSSION 

This study compared simulation and physical machining times to assess the efficiency of parallel and 
equidistant toolpaths, as shown in Fig. 8. SprutCAM predicted 54 s for the parallel path and 62 s for the 
equidistant path, whereas actual machining required 73 s and 86 s, respectively. The percentage errors were 
26.0% (parallel) and 26.7% (equidistant), indicating that the software underestimated the machining times. 
This discrepancy arises because the simulation does not fully capture fundamental machining factors such 
as tool deflection, vibration, and robot joint compliance. While SprutCAM provides reliable trajectory 
planning and collision avoidance, its time estimation remains optimistic compared to practice. Therefore, 
calibration against experimental data is necessary to improve the predictive accuracy of simulated 
machining time. 

 

Fig. 8. Comparison of simulation and machining times for different toolpaths 

The difference between simulated and experimental machining times indicates a modelling error. The 
percentage error was calculated using the following expression (Eq. (6)): 

           Error (%) = 𝑇𝑇actual−𝑇𝑇simulated
𝑇𝑇actual

× 100                           (6) 

For the parallel strategy: 

           Error (%) =
73 − 54

73
× 100 = 26.0%                                 

For the equidistant strategy: 

          Error (%) =
86 − 63

86
× 100 = 26.7% 

The analysis of machined surfaces using the equidistant and parallel strategies reveals significant 
differences in surface quality, as shown in Fig. 9. The parallel strategy, with its linear tool passes, produced 
a visibly smoother finish with fewer irregularities. In contrast, the equidistant strategy resulted in a rougher 
surface with more noticeable machining marks. These observations indicate that parallel toolpaths facilitate 
more uniform cutting passes, whereas equidistant toolpaths increase tool–workpiece interactions that can 
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degrade the final surface quality. Although the evaluation is qualitative, the visual evidence provides a clear 
distinction between the two strategies and supports the effectiveness of SprutCAM toolpath simulation in 
predicting machining outcomes. 

 
(a)                                           (b)                                 

Fig. 9. Machined workpiece using different toolpaths (a) equidistant: (b) parallel                              

SEM imaging provides further insights into the microstructural surface morphology of the machined 
samples, as shown in Fig. 10. The parallel strategy produced a more uniform texture, whereas the 
equidistant strategy resulted in a rougher surface with noticeable material buildup. Detailed inspection 
revealed debris accumulation along the cell walls in the equidistant path, indicating incomplete chip 
evacuation, while the parallel path showed evidence of tearing, where cell walls were mechanically ruptured 
and elongated grooves appeared across the surface. Although the evaluation is qualitative, these 
observations are consistent and confirm that toolpath selection plays a critical role in preserving the 
integrity of the foam’s cellular structure, which directly influences its surface quality and potential 
application. 

 
(a)                                                                  (b)      

Fig. 10. SEM image with different toolpaths (a) equidistant: (b) parallel                              

This microscopic structure offers critical insight into the effects of machining strategies on the 
material's integrity. Notably, robot machining using a parallel toolpath strategy has been observed to 
produce a more pronounced spongy surface texture. This may indicate either practical preservation of the 
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foam’s cellular structure or, in some cases, the result of excessive mechanical stress, depending on the 
selected cutting parameters. These SEM findings are beneficial particularly useful for guiding the 
optimisation of machining parameters, such as spindle speed, feed rate, tool selection, and depth of cut, to 
minimise surface degradation and enhance final product quality. The porous foam texture benefits 
biomedical uses like tissue scaffolds and orthotics [42] and energy-absorbing applications. In contrast, 
equidistant machining causes cell wall tearing and debris, making it less suitable for such applications 
without post-processing to smooth and restore surface integrity. 

Evaluating the robot’s position alongside amplitude measurements during machining operations is 
essential for enhancing precision, optimising machining parameters, and ensuring high product quality The 
location and orientation of each robot axis are illustrated in Fig. 3(a), which provides a useful reference to 
interpret the motion trajectories presented here. In Fig. 11, the y-axis represents displacement in degrees. 
The robot’s current position indicates the actual trajectory values captured by the controller, while robot 
amplitude refers to the deviation of the tool from its nominal reference path. Although both are plotted 
together for comparison, their interpretation differs: the current position reflects commanded motion 
control, whereas amplitude indicates dynamic error or oscillation from the reference point. Elevated 
amplitude readings at specific positions may signal mechanical issues, necessitating adjustments to 
machining parameters such as feed rates and spindle speeds. This evaluation helps identify areas where 
excessive mechanical stress could damage cutting tools and degrade surface quality. By implementing 
optimal dynamic control, manufacturers can achieve faster machining speeds, maintain tool integrity, 
ensure protection, and enhance robotic productivity, especially when working with soft material. Fig. 11 
presents robotic machining techniques, emphasising the operational distinctions between parallel and 
equidistant strategies, especially in terms of motion patterns and amplitude control during delicate material 
processing. To date, there is limited literature directly comparing the parallel and equidistant robotic 
machining strategies with respect to their motion patterns and amplitude control in delicate material 
processing. Consequently, this study addresses a gap by providing novel experimental insights into the 
operational distinctions between these techniques. The results enhance the current understanding of robotic 
machining approaches and offer valuable information for future research and industrial applications in 
precision manufacturing. 

 

   
(a)                                                                                 (b)                                  

Fig. 11. Robot current position and amplitude during machining for (a) equidistant and (b) parallel toolpath strategies. The left Y-
axis represents the robot’s current position (°), while the right Y-axis indicates the amplitude during machining (°).  
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The robot’s current position patterns show that the parallel strategy produces smoother toolpath 
movements. By consistently implementing parallel passes, this approach improves efficiency in terms of 
machining time and motion stability, as fewer corrective adjustments are required during operation. This 
contributes to more predictable tool behaviour and reduces unnecessary dynamic load on the system. In 
contrast, the equidistant strategy exhibits less uniform trajectory patterns, with oscillatory variations 
observed along its movement path. These irregularities require more frequent control corrections, which 
may increase the likelihood of vibrations and reduce overall motion stability [43]. 

The amplitude comparison further highlights the differences between the two strategies. The parallel 
strategy maintains a more stable amplitude trend throughout its operation, ensuring consistent performance 
within a predictable operating range. This stability helps to reduce the risks of unpredictable vibrations, 
which could lead to imbalanced cutting forces and enhance process reliability. In contrast, the equidistant 
strategy generates amplitude signals that follow a linear progression between axis points but exhibit 
unstable measurement values at certain positions, which may be attributed to machine irregularities and 
vibrations. 

4. CONCLUSION 

This study compared parallel and equidistant toolpath strategies in robotic milling of foam material using 
SprutCAM simulation and experimental validation. The results demonstrated that the parallel strategy 
consistently achieved shorter machining times in both simulation (54 s vs. 62 s) and physical machining 
(73 s vs. 86 s), showing time savings of approximately 26% compared with equidistant paths. Although 
SprutCAM tended to underestimate machining times, the error margin between simulated and actual 
machining was comparable for both strategies, confirming the software’s reliability for trajectory planning. 
Surface quality assessment through visual inspection and SEM imaging revealed that the parallel toolpath 
generated smoother surfaces with fewer machining marks, while the equidistant strategy produced rougher 
finishes with evidence of debris and tear at the cellular structure. Analysis of robot kinematics further 
indicated that the parallel strategy maintained more stable trajectory patterns and lower amplitude 
variations, reducing the risk of instability during machining. Overall, the findings confirm that toolpath 
selection has a significant influence on machining performance in robotic milling of foam materials. The 
parallel strategy offers better machining efficiency in terms of time, surface quality, and motion stability, 
whereas the equidistant strategy results in longer machining times, less uniform surfaces, and less stable 
robot motion. These insights provide useful references for optimising toolpath planning in robotic 
machining of soft materials, particularly foams, and highlight the need for calibration of simulation models 
against experimental data for improved accuracy. 
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