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This paper presents the design and analysis of a 3-PRS mechanism for positioning cutting heads in CNC 
machines, addressing limitations of traditional rotary mechanisms such as hose twisting, wear, and limi-
ted modularity. Kinematic and dynamic analyses guided actuator selection and confirmed bearing dura-
bility. The mechanism achieves a favourable load-to-weight ratio and integrated Z-axis movement, ma-
king it suitable for simpler gantry CNC machines. Though programming is complex due to multi-axis 
synchronization, the modular design supports easy adaptation to different tools. Future research will 
focus on reducing the eccentric torch offset and refining dimensions to enhance versatility. The mecha-
nism has strong potential in sectors like automotive, aerospace, and construction. 
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 Introduction 

CNC cutting machines are automated devices de-
signed for precise cutting and shaping of various ma-
terials. Their high accuracy and repeatability enable 
efficient mass production, ensuring that each compo-
nent meets strict quality standards. Precise positioning 
of cutting heads is crucial for achieving desired cut qu-
ality, minimizing waste, and enhancing production 
efficiency [1-3]. 

Current positioning mechanisms have both advan-
tages and disadvantages. While CNC machines 
achieve high precision and repeatability, their control 
and calibration can be complex, resulting in increased 
setup time and cost. Although flexibility and modular-
ity are essential, many current mechanisms lack easy 
interchangeability of cutting heads, limiting their ap-
plicability. The positioning mechanisms include tilting 
and rotating heads, enabling desired cutting angles and 
enhancing CNC machine versatility. Several issues 
with existing rotary mechanisms must be resolved to 
enhance cutting performance [4–8]. 

Recent developments in reconfigurable CNC 
heads and modular end-effectors demonstrate the 
growing demand for lightweight, adaptable systems 
capable of rapid tool change and integration into hy-
brid kinematic structures [9-12]. This trend supports 
the shift toward mechanisms like 3-PRS for special-
ised applications. Traditional rotary mechanisms are 
complex due to numerous moving parts. This in-
creases the risk of mechanical failures and makes trou-
bleshooting more difficult. Cable management is chal-
lenging, as cable and hose twisting during rotation can 
lead to damage and disrupt operation. Limited range 

of motion restricts the ability to achieve desired 
cutting angles and handle complex cuts efficiently. 
Current designs may lack rigidity, affecting cutting qu-
ality due to vibrations and instability [5, 13, 14]. 

Such twisting can shorten the lifespan of cables 
and hoses, further increasing maintenance costs. Spe-
cial rotary hose couplings add complexity and cost. 
Limited modularity restricts their application across 
different tools and cutting head configurations. Rota-
tion around multiple axes can accumulate errors, 
affecting overall accuracy. Complex calibration and 
control of individual axes increase setup demands and 
slow down production, especially for complex cutting 
tasks [15-17]. 

Recent research in multi-DOF CNC tool heads 
highlights the importance of modularity, compact-
ness, and dynamic precision in complex cutting ope-
rations [8, 9, 14, 18]. In this context, 3-PRS architec-
tures show potential for replacing traditional rotary 
heads in plasma and laser cutting machines [19-21]. 

This work proposes an efficient, modular mecha-
nism to overcome the limitations of current rotary sys-
tems for positioning cutting heads. This new mecha-
nism aims for high accuracy and repeatability while 
minimizing twisting and wear of transmission ele-
ments. It should be modular and easily adaptable to 
different cutting heads and applications, allowing easy 
assembly and disassembly to reduce maintenance co-
sts and improve flexibility. Reducing the mechanism's 
weight and improving its dynamic performance will 
achieve higher speed and efficiency in cutting operati-
ons. The new mechanism should be applicable across 
various industrial sectors, including automotive, aero-
space, and construction. 
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 Methodology 

 Requirements of the Rotator 

The new solution must meet several criteria: a 
torch tilt angle of at least 50°, a positioning speed 
matching the current rotator (130°.s-1), prevention of 
hose twisting and bending, and a minimum load ca-
pacity of 100 kg. The mechanism should be modular, 
enabling torch interchangeability and future scalabil-
ity. 

 Selection of Mechanism 

For this application, a spatial mechanism is 
required, making the 3-PRR mechanism unsuitable. 
Delta robots, while an option, have insufficient load 
capacity. Although the 3-RPR and 3-PRS mechanisms 
are similar, the latter is more commonly used in prac-
tice and was therefore selected. Additionally, a mecha-
nism with more than three degrees of freedom (DOF) 
was not necessary for this application. Combined with 
X and Y movements of the CNC machine, the 3-PRS 
mechanism provides all the necessary motions and 
tilts for this application. Therefore, mechanisms with 
more DOF would be unnecessarily complex [22-35]. 

 

Fig. 1 Kinematic diagram 
 
Figure 1 shows the kinematic diagram of the mech-

anism, consisting of two coordinate systems. The "O" 
system is the reference coordinate system, located at 
the center of the mechanism's fixed base. The second 
coordinate system, "o," is located at the center of the 
movable plate, where the plasma torch will be moun-
ted. The mechanism includes three beams along which 
platforms (prismatic joints) move. Each platform is 
linked to the movable plate via a connecting arm.  

A rotational joint is situated between the platform and 
the arm, while a spherical joint is located between the 
arm and the movable plate. The mechanism is desig-
ned to achieve a stroke length (Z-axis) of 400 mm. The 
dimension 'R' (the distance from the mechanism's cen-
ter to the beam) was initially set to 200 mm. The di-
ameter 'r' of the movable plate (i.e., the torch mount) 
was set to 115 mm, based on the largest torch size. 
The arm length "L" was selected to be 300 mm. 

 Design and Construction of the Mechanism 

Several design variants of the key components 
were proposed. The base of the mechanism consists 
of a fixed and a movable platform (Figure 2a). This 
platform moves only along the Z-axis. t includes a 
fixed frame that contains an actuator integrated with a 
gearbox and pinion. The fixed frame also includes 
four linear guides (carriages). The movable platform, 
which includes a rack and linear guides, forms the sec-
ond main part. The arm connects to the underside of 
the movable platform. 

 

Fig. 2 Schematic of the moving platform (a); Cylindrical joint 
(b) 

 
The arm (Figure 3a) is welded into an 'H'-shaped 

cross-section to maximise stiffness while minimising 
weight. The connection between the arm and the mo-
vable platform is secured by a simple pin, housed in 
two rolling bearings – tapered roller bearings 32002. A 
detail of the cylindrical joint is shown in Figure 2b. 

 

Fig. 3 The arm (a); Assembly of the mechanism (b) 
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 Kinematic Analysis 

Kinematic analysis was carried out to determine 
the required speeds and accelerations for each axis. 
This was necessary to size the actuators properly and 
to confirm the mechanism could perform the required 
motions. Kinematic and dynamic simulations were 
conducted using the PTC Creo Mechanism module 
(version 10.0) [36]. 
 
2.4.1 Critical Position Check 

An extreme position analysis was performed to de-
termine the mechanism's maximum tilt angles. Three 
positions were examined. In the first position, the 
torch is tilted directly under one arm. In the second 
position, the torch is tilted between two arms, on the 
opposite side compared to the first configuration. In 
the third position, the torch is tilted between the indi-
vidual legs; it is not tilted directly under one arm as in 
the previous cases. 
 
2.4.2 Horizontal Plane Analysis 

Subsequently, kinematic analyses were performed 
in two planes – vertical and horizontal (XY). In the 
horizontal plane, two analyses were performed. The 
first analysis examined the torch's movement along 
the maximum trajectory (the perimeter of the working 
area). Only movement along the Z-axis was consid-
ered, as the X and Y axes were stationary during this 
analysis. The torch's movement in the XY plane was 
controlled solely by the mechanism (movement of all 
three platforms). The torch — specifically its cutting 
tip — had to maintain a constant height (i.e., no Z-
axis movement). The torch was tilted to the required 
50°. The analysis covered acceleration, one full rota-
tion along the maximum trajectory, and subsequent 
deceleration. The torch's rotation speed was set at 
130°.s-1 (as required). The tool's trajectory is shown in 
Figure 4. The results yielded the maximum speed and 
acceleration required for the platform drive. Additio-
nally, the platform travel distance was measured to en-
sure that the stroke length was sufficient. 

The second analysis in the horizontal plane in-
volved rotating the torch about a fixed point. As in the 
previous analysis, the torch was tilted at an angle of 
50°. In this case, the motion was achieved not only 
through the mechanism but also by moving the ma-
chine in the X and Y directions. The speeds and acce-
lerations of the movable platforms were monitored 
again, with the maximum values remaining the same 
as in the previous test. Additionally, the speeds and 
accelerations in the X and Y directions were recorded. 
The displacements in the X and Y directions were also 
recorded, indicating how far the CNC machine must 
move to complete the rotation about a fixed point. Fi-
gure 5 shows the trajectories of all the movable plat-
forms during the rotation around a single point. 

 

Fig. 4 First analysis trajectory (workspace perimeter) 

 

Fig. 5 Trajectories for rotations around a single point 
 
2.4.3 Vertical Plane Analysis 

The final kinematic analysis examined the mo-
vement in the vertical plane. The torch’s movement 
was tracked from its outermost position (at a 50° tilt) 
to the centre of the mechanism and then returned to 
its starting position. The mechanism can be divided 
into three equal 120° sections. Due to their symmetry, 
analyses were limited to a representative 60° sector. 
The sector was subdivided into six planes, spaced 10° 
apart. Measurements were taken in all planes. The di-
vision of the mechanism into planes is shown in Fi-
gure 6. During the measurements, the speeds, accele-
rations, and displacements of the individual platforms 
were monitored. 
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Fig. 6 Setting the analysis in the vertical plane 

 Dynamic Analysis 

A dynamic analysis was carried out to evaluate the 
loads on various components during movement. The 
analysis measured axial and radial forces acting on the 
bearings at the arm joint (i.e., the connection between 
the arm and the movable platform). Forces on the pin 
in the cylindrical joint (or on the bearing housing the 
pin) and on the two angular contact bearings were also 
evaluated. Figure 7 illustrates the bearings that were 
monitored. Dynamic analysis was also conducted 
using PTC Creo Mechanism [36]. 

 

Fig. 7 Bearings monitored in dynamic analysis 
 
The same speed and trajectory as in the kinematic 

analysis were used (i.e., movement along the working 
area perimeter), to evaluate the mechanism under 
maximum speed and acceleration conditions. Additi-
onally, the movable plate (torch mount) was loaded 

with a weight of 100 kg, in accordance with the initial 
requirements. This load was selected to ensure the 
mechanism’s adaptability for future use with heavier 
equipment, such as a milling spindle. 

 Results and Discussion 

 Kinematic Analysis Outcomes 

3.1.1 Critical Position Checks 
The maximum tilt angle in the first position is 72° 

(shown in Figure 8a), while the maximum tilt angle in 
the second position is 103° (Figure 8b). 

 

Fig. 8 Critical position 1 (a); Critical position 2 (b) 
 
The maximum tilt angle in the third position is 83° 

(Figure 9a). However, in this position, an undesirable 
effect occurs – the torch is eccentrically displaced 
from the center of the mechanism. The displacement 
from the center is 48 mm. The second position is also 
the most critical in terms of potential hose and arm 
collisions, thus the maximum tilt angle is limited to 55° 
(shown in Figure 9b). 

 

Fig. 9 Critical position 3 (a); Critical position 2 with hose 
(b) 
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3.1.2 Maximum Trajectory 
The measurement results for movement along the 

maximum trajectory are shown in Figure 10. The 
graphs indicate that the total distance traveled by the 

platforms was 170.9 mm. The maximum speed rea-
ched by one of the platforms was 0.87 m.s-1. The 
highest acceleration achieved was 14.34 m.s-². 

 

Fig. 10 Plots of platform trajectories (left), velocities (middle), accelerations (right) 
 

3.1.3 Rotation Around a Point 
During rotation about a single point, platform 

speeds and accelerations were measured, as shown in 

Figure 11. The maximum values for speed and accele-
ration were the same as in the previous measurement. 

 

Fig. 11 Plot of velocities (left) and accelerations (right) for rotation around a point 
 
The speeds and accelerations in the X and Y axes 

were also monitored. The results of these measure-
ments are shown in Figures 12 and 13. The maximum 
speed in the X direction was 2.25 m.s-1, and in  
the Y direction, it was 2 m.s-1. The maximum  
acceleration for both directions was 22.5 m.s-². Howe-
ver, motion along these axes is executed by the CNC 

machine, not the mechanism itself. To ensure the re-
quired positioning speed, the CNC machine’s drives 
must support these velocity and acceleration values. 

The displacements required in the X and Y axes 
were also measured (Figure 14). The machine moved 
400 mm in the X direction and 385 mm in the Y di-
rection. 
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Fig. 12 Plots of velocities for X and Y axes 

 

Fig. 13 Plots of accelerations for X and Y axes 
 

 

Fig. 14 Plot of X and Y axis trajectories 

3.1.4 Vertical Plane 

In the vertical plane, a total of six measurements 

were conducted n six angular sections. Due to the 

scope of the article, graphs of speeds, accelerations, 

and trajectories will be presented only for the case with 

the highest recorded values (shown in Figure 15). 

These values were measured in the 60° plane. During 

this operation, two platforms followed identical trajec-

tories, resulting in the same measured values. A sud-

den change in acceleration was observed, attributed to 

the design of the spherical joint. The maximum values 

of speeds and accelerations resulting from this analysis 

are lower than those recorded during the maximum 

trajectory. The platforms’ total travel distance was the 

same as in the horizontal plane test.
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Fig. 15 Plots of velocities (left) and accelerations (right) for 60° plane 

 Dynamic Analysis Findings 

The dynamic analysis resulted in graphs (Figures 
16 and 17) that show the axial and radial forces acting 
on the bearings. 

The resultant force acting on the bearing was 
calculated using the Pythagorean theorem: 

𝐹𝑐 = √𝐹𝑎𝑚𝑎𝑥
2 + 𝐹𝑟𝑚𝑎𝑥

2  (1) 

Where: 
Fc…The resultant force; 
Fa…The axial force; 
Fr…The radial force. 
Resulting values are recorded in Table 1. 

Tab. 1 Forces acting on individual bearings 

Part Axial Force [N] Radial Force [N] Resultant Force [N] 

Arm (upper) 757 295 812.5 

Arm (lower) 532 717 892.8 

Bearing 1 532 773 938.4 

Bearing 2 434 650 781.6 

 

Fig. 16 Plot of axial and radial forces acting on the measured connections: upper arm bearing (left) and lower arm bearing (right) 
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Fig. 17 Plot of axial and radial forces acting on the measured connections: bearing 1 (left), bearing 2 (right) 
 
A static and dynamic check was performed for all 

bearings based on the bearing manufacturer's recom-
mendations [37] to verify if the selected bearings could 
withstand the applied loads. The check confirmed that 
all bearings meet the required load conditions. Since 
the load calculation included the mechanism's load 
capacity of 100 kg in addition to its own weight, the 
resultant bearing lifespan will be higher because the 
plasma torch used in this application is relatively light. 
Nevertheless, the calculation indicated that even at 
maximum machine load, no deformations should 
occur in the bearings. 

 Performance Evaluation 

A key benefit of the proposed mechanism is that it 
prevents twisting and bending of the torch hose. The 
hose conflicts with the arm in position 2, as shown in 
Figure 9. However, this conflict occurs at a tilt of 55°, 
which is greater than the required tilt angle. In other 
positions, the mechanism can tilt even more. This ad-
ditional range can be used when higher tilt angles are 
needed. Limiting torch tilt in the critical position dur-
ing programming allows greater tilt angles to be used 
elsewhere. This enhances the versatility of the ma-
chine. 

The mechanism achieves a favourable load-to-
weight ratio, outperforming Delta mechanisms and 
the original rotator, both of which had significantly 
lower load capacities and significantly greater weight. 
Another key advantage is the integrated Z-axis mo-
tion, enabling the tool to be positioned vertically with-
out relying on the CNC machine. The original rotator, 
like many other mechanisms, lacks this feature, 
requiring the CNC machine to perform movements in 
all three axes. As a result, the new mechanism can be 
installed on simpler gantry-type CNC machines with 
only two axes of motion. 

The new mechanism is modular, allowing the mov-
able plate to be replaced with one that accommodates 
different torch types or other tools. An improvement 
would be to redesign the movable plate so that only 
the clamping element needs replacement, not the en-
tire plate. 

The required positioning speeds were achieved, 
and the drives were dimensioned accordingly through 
kinematic analysis. It is possible to select drives 
capable of achieving higher acceleration values, the-
reby reaching positioning speeds higher than originally 
required. However, increasing speeds would require 
re-evaluating the bearing durability. 

The mechanism’s performance is limited by the 
CNC machine’s X and Y drive capabilities. To achieve 
the desired positioning speed, the requirements for 
speed and acceleration in these directions must be 
met. However, not all CNC machines meet these pa-
rameters, so the actual positioning speed may be lower 
in practice. 

One drawback is the mechanism’s complexity, 
which makes motion programming more difficult. It 
is necessary to synchronize the movements of all three 
platforms and coordinate them with the drives of the 
X and Y axes. In this regard, traditional rotators are a 
simpler choice. 

In certain positions, the torch is undesirably offset 
from the center of the mechanism. This increases the 
complexity of an already complicated motion pro-
gramming process. This offset also results in a trian-
gular rather than circular working area. 

Further development should aim to eliminate or 
reduce the torch offset. Optimizing the mechanism’s 
dimensions could help reduce both the torch offset 
and the demands on the X and Y drives. This step 
would enhance the versatility of the proposed solu-
tion. 
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 Conclusion 

This research proposed and validated a novel 3-

PRS mechanism designed to overcome key limitations 

of traditional rotary systems in CNC machines, such 

as hose twisting, limited modularity, and high wear 

rates. Comprehensive kinematic and dynamic analyses 

confirmed that the mechanism met all key perfor-

mance requirements, including 130°.s-1 positioning 

speed, 100 kg load capacity, and a tilt angle exceeding 

the target. Crucially, the integrated Z-axis movement 

enhances versatility, enabling simpler two-axis gantry 

machines to perform complex positioning tasks. 

Despite these benefits, some challenges remain—

particularly the complexity of motion programming 

due to required multi-axis synchronization, and an ec-

centric torch offset in certain positions. This offset 

limits the effective working area. Future work will aim 

to overcome these limitations by minimizing eccentric 

offsets through design optimization and simplifying 

control algorithms. With further improvements in 

scalability and adaptability, the mechanism shows 

strong potential for widespread industrial use, enhanc-

ing the efficiency and reliability of CNC machining. 
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