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Abstract – Rotational symmetry parts are common and essen-
tial in industrial applications. Cold spray additive manufacturing 
(CSAM) is an attractive and rapidly developing solid-state mate-
rial deposition process, providing an efficient and convenient 
method for producing such parts, as it allows for the rapid for-
mation of high-quality, large-volume 3D objects. Since there is no 
highly reactive liquid phase involved in this process, the depos-
ited material is free of oxides. As compared to conventional addi-
tive manufacturing methods, cold spraying enables to reduce the 
production costs and times.  

In this work, a general implementation method for CSAM of 
rotating symmetry casing parts is presented. Here, the developed 
application can handle rotational symmetry parts of arbitrary 
geometry in the form of CAD files to generate precise toolpaths. 
Robot offline programming allows for process simulation, analy-
sis, and optimization. Additionally, modelling of robot kinematics 
is employed to evaluate the effect of the planned toolpaths on the 
spraying process, ensuring efficient and precise manufacturing 
processes. 

Keywords – Cold spray, additive manufacturing, toolpath plan-
ning, rotational symmetry part 

I. INTRODUCTION 
Cold gas dynamic spraying, or cold spraying (CS) for 

short, is a rapidly evolving solid powder deposition technique. 
In this process, micron-sized powders are accelerated to super-
sonic velocities by a high-pressure gas flow through a conver-
gent-divergent de-Laval nozzle. The particles remain at a tem-
perature below the melting point. The impact on the solid sur-
face results in severe localized plastic deformation and a tem-
perature rise, causing local interface softening and enabling 
the formation of deposits by adiabatic shear instabilities [1]. 
CS was initially used for developing various functional sur-
face properties, ranging from protection against harsh environ-
ments to specifically tailored surfaces in electronic applica-
tions [2]. Nowadays, in industry and research laboratories, se-
rious attention is paid to topics of CS-based additive manufac-
turing (AM) as well as to applications in repair or remanufac-
turing techniques [3], [4], [5]. Unlike the usually used thermal 
AM techniques involving melting, cold spray additive manu-
facturing (CSAM) solely involves solid state deposition. This 
implies that oxidation as pronounced by fast reaction kinetics 
in the molten state and the formation of undesired phases or 
substructures associated with rapid solidification can be 

avoided. In addition, CSAM can reach high spraying rates of 
up to 10 kg/h and allows for fabrication of complex and larger 
parts assisted by industrial robots. Therefore, CSAM is con-
sidered as an effective and economic solution for manufactur-
ing of heat sensitive materials (especially pure titanium, cop-
per, aluminium, and their alloys) and rapid fabrication of 
large-volume parts. 

Casing parts with rotational symmetry are commonly used 
in engineering structures, such as casings of aircraft engines, 
gas turbines, pumps, and wind power plants. These compo-
nents usually have features such as specialized flanges or 
bosses on the periphery. Conventional manufacturing methods 
are performed through a combination of several turning and 
milling processes, which are often very intricate and costly, 
resulting in significant material waste. CSAM enables to cre-
ate the contour of the component close to the final shape easily 
by introducing an external rotation axis driven by an individ-
ual electrical regulator. Many similar cases have been reported 
[6], [7], e.g. a fan shaft [8] (as shown in Figure 1a) and a rocket 
nozzle [9] (as shown in Figure 1b) fabricated using CSAM. 
However, the implementation methods are not clearly ex-
plained in the reports. 

The present work aims to develop a general implementa-
tion strategy and toolpath planning method for CSAM of ro-
tating symmetry casing parts. In the practical spraying process 
achieving precise control over kinematic parameters is essen-
tial for successful shape buildup. This involves assigning the 
coordinates of each point on the part surface and specifying 
associated conditions, such as spray angle and local scanning 
speed. All that could be correlated to associated robot move-
ments as well as obtained layer deposition and guide to more 
profound toolpath development. 

II. GENERAL CONCEPTS  
The general AM process involves two phases dealing with 

design and printing. These phases can be further divided into 
four steps: (i) digital modelling; (ii) pre-processing, involving 
simulation and preparation of the files for 3D printing; (iii) 
printing; (iv) post-processing, including removal of the sup-
port and separation of the parts. In order to introduce the basic 
idea of AM into the CS process, a generic CSAM implemen-
tation process is proposed based on existing generic technical 
configurations and layouts. 
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The first step of the process is to design an initial geometry 
and to create a CAD file of the printed object. After establish-
ing the CAD model, the step of analysing the features of the 
object and formulating corresponding building strategies is 
completed by simulation tools, which mainly involve toolpath 
planning and generation as well as analyses and adjustments 
of robot motion programs. Currently, generic strategies for 
material buildup are proposed for rotational symmetry cas-
ings.  The corresponding toolpaths are planned according to 
the axial cross-section of the part. A previously established nu-
merical model to obtain 3D CS deposits [10] is applied to de-
termine path parameters. A custom developed script is used to 
automatically generate the desired toolpaths. It takes CAD 
files as input and generates the toolpaths in the form of a 6-
axis robotic arm program as output.

Before actually depositing material for building the part, it 
is essential to carefully check the generated robot trajectory 
program. This should ensure that no singularities arise in the 
robot joints, or a specific robot axis reaches its motion limits 
during the workpiece deposition process. If such situations oc-
cur, adjustments to the robot program or even re-planning of 
the toolpath are required. In addition, machine collisions must 
be avoided. Therefore, process simulation via a virtual work-
station established in robot offline programming software is 
necessary to enable machine accessibility and collision detec-
tion. Additionally, it facilitates the analysis of robot kinemat-
ics, adjustment of toolpaths and buildup processes as well as 
the calculation of manufacturing time. After calibration and 
debugging of the manufacturing program in the actual spray-
ing workshop, the spraying process can be implemented to 
build the initial shape. The details of the part and the needed 
tolerances require further machining (e.g. drilling, edge cham-
fering, and final dimensional finishing).

III. BUILTUP STRATEGIES FOR ROTATIONAL SYMMETRY 
PARTS

A. Path Parameter Determination: Scanning Speed
CSAM is capable of producing various rotational struc-

tures including free-form cylinders and cones. In the deposit-
ing process of the object, the basic motion configuration of the 
system includes that the external axis rotates unidirectionally 

(nozzle scanning speed V) in axis direction. The centre of the 
nozzle keeps moving in the same plane aligned to the axis of 
the rotating substrate. The outlet of the nozzle maintains the 
specified stand-off distance to the surface and torch orientation 
at all points. The gun needs to be offset in each pass to com-
pensate for the reduction in stand-off distance due to increas-
ing part dimensions under deposition, thus ensuring constant 
process parameters, especially for depositing thick shell parts. 
The settings of rotational speed and torch scanning speed de-
pend on the variation of the radius of the rotating substrate. 
For a substrate with a constant radius (e.g. a cylinder), the 
speed settings remain constant. For a substrate with varying 
radius, the tangential speed of the relative linear speed VL be-
tween torch and substrate increases with the increase in radius. 
The torch scanning speed should therefore decrease as the ra-
dius increases to maintain the same increase in deposit thick-
ness on the substrate (as shown in Figure 2). The torch scan-
ning speed can be described by 

=  . (1)

Here, V1 is the torch scanning speed at radius R1, defined as 
the reference speed and radius for the calculation of other torch 
scanning speeds. RT is the corresponding radius at a different 
target point along the path. The ratio of R1 and RT is regarded 
as the adjustment factor of speed.

FIGURES 2: RELATION BETWEEN SETTING OF TORCH SCANNING SPEED 
AND SUBSTRATE RADIUS

B. Toolpath Planning for Rotational Symmetry Parts
Figure 3 illustrates the principle of toolpath planning and 

generation for casing objects with rotational symmetry. The 
first step is to obtain geometric data of the axial section of the 
rotating object. These can be obtained by using measured di-
mensions as input or by calculations from plane intersections 
in the CAD file of the object (as shown in Figure 3a). Then, 
the generatrix of the rotating substrate, i.e. the intersection line 
between the substrate and the obtained axial section, is se-
lected to create an orthogonal surface (as shown in Figure 3b). 
This orthogonal surface is then off-set according to layer 
thickness to create a series of orthogonal surfaces that can 
completely cut the axial section. The values of layer thickness 

FIGURES 1: ADDITIVE MANUFACTURING (A) STAND-ALONE 
TURBOJET ENGINE FAN SHAFTS AND (B) ROCKET NOZZLES WITH 
COLD SPRAYING ACCORDING TO [8] and [9]
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can be calculated empirically or obtained through experiments 
for a certain powder/substrate material system and adjusted 
process parameter sets. Based on Boolean operations, inter-
secting curves between the axial section and the orthogonal 
surfaces can be obtained. Afterwards, each intersecting curve 
is discretized into points. In general, for straight-line segments 
only respective endpoints are needed. For curved segments, a 
tighter distribution of discrete points is required (as shown in 
Figure 3c). Each point contains information on index number, 
position, direction, and the radius of the substrate at the corre-
sponding position. The orientation of each point is perpendic-
ular to the surface of the substrate or the already buildup de-
posit. The axis radius information of each point is used for the 

automatic speed calibration after the subsequent setting of the 
torch scanning speed. Finally, a continuous toolpath can be 
created by linking each target in sequence (as shown in Figure 
3d). The corresponding robot motion code can be automati-
cally created and simulated in the virtual environment of robot 
(as shown in Figure 3e). Based on the previously developed 
method of robot kinematic analyses and visualization [11], 
Figure 3f shows that the torch scanning speed is executed in a 
preset way, i.e. the torch scanning speed decreases as the ra-
dius increases. A script is developed based on the aforemen-
tioned principles and methods and can automatically generate 
toolpaths for various rotary casing objects, as depicted in Fig-
ure 4.

IV. SUMMARY AND OUTLOOK
In this work, a general method for CSAM toolpath plan-

ning and implementation for rotationally symmetric casing 
parts is presented. This method comprehensively considers the 
characteristics of cold spray, the robot kinematics, and the ge-
ometry of the workpiece, enabling the automatic and accurate 

creation of a desired toolpath through customized scripts. Ro-
bot kinematics simulations have demonstrated the feasibility 
of this method. Further validation and optimization will be 
pursued through specific case studies. Additionally, efforts 
will be made to integrate and coordinate other sub-processes, 

FIGURES 3: PRINCIPLES OF THE TOOLPATH PLANNING APPROACH FOR OBJECTS WITH ROTATIONAL SYMMETRY: (A) OBTAINING AXIAL SECTIONS, (B)
CREATING OF  ORTHOGONAL PLANES BASED ON THE GENERATRIX, (C) DISCRETE POINTS WITH  THE INFORMATION OF THEIR INDEX NUMBER AND THE 
RADIUS OF THE SUBSTRATE AT THEIR CORRESPONDING POSITION, (D) ORDERING AND CONNECTION OF POINTS, (E) TOOLPATH SIMULATION, AND (F)
TORCH SCANNING SPEED VARIATION (FOR INTERPRETATION OF THE REFERENCES TO COLOUR IN THIS FIGURE LEGEND, THE READER IS REFERRED TO 
THE WEB VERSION OF THIS ARTICLE) 
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such as online monitoring and diagnostics as well as subtrac-
tive machining techniques to exert the full potential of cold 
spray additive manufacturing in shape building.
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FIGURES 4: TOOLPATHS FOR VARIOUS ROTATING CASING PARTS
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