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Additive manufacturing (AM) is a key technology for advancing many fields, including electrical machines. It offers

unparalleled design freedom together with low material waste and fast prototyping, which is why it has become to

focus of many researchers. AM, known in the consumer space as 3D printing, is a technology with the ability to

manufacture practically any object for which a 3D model can be created, without the complexity and specific

geometry of the part significantly impacting the manufacturing costs. 

additive manufacturing  electrical machines  metal 3D-printing

1. Introduction

The basic design philosophy of electrical machines has remained relatively unchanged for many years, as it has

been constrained by the available manufacturing methods. With the rising demand for electric vehicles and green

energy, there is a significant push towards higher efficiencies, power densities, lighter weights, and customized

solutions for electrical machines, meaning that innovation in the field is required. One technology that might meet

those demands is additive manufacturing (AM).

AM, known in the consumer space as 3D printing, is a technology with the ability to manufacture practically any

object for which a 3D model can be created, without the complexity and specific geometry of the part significantly

impacting the manufacturing costs. This provides huge amounts of design freedom to engineers, who can fully

leverage modern computational tools to create truly optimal designs without being constrained by the

manufacturing method. Modern AM technologies can utilize many different types of materials, from flexible

polymers to high-performance metals, and the local manufacturing nature of AM makes it less reliant on global

supply chains. These advantages, in addition to the rapid prototyping and low material waste capabilities, have

ensured rapid growth in the field of AM: per the 2021 Wohlers Report, the industry grew by 7.5%, reaching a value

of $12.8 billion in 2020 . The largest shares of that are the medical, dental, and aerospace industries which are

forecasted to help the AM market reach a value of $51 billion by 2030 .

With increased power densities and more demanding requirements, the thermal design of machines becomes

more important, as larger amounts of heat need to be extracted from smaller-sized machines. AM provides many

novel solutions which can be used to enhance the thermal performance of an electrical machine. For air-cooled

machines, traditional radiator fins can be replaced with complex shapes. These can be integrated into the machine

to provide structural support while being optimized for minimal weight. For water-cooled machines, the coolant

paths can be more complex  and brought closer to the heat generation .
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2. Additive Manufacturing

Current AM methods can be classified into seven main categories: vat photopolymerization, material extrusion,

material jetting, binder jetting, powder bed fusion (PBF), direct energy deposition, and sheet lamination . Each

method creates the three-dimensional object in a different way and has its own advantages and disadvantages.

The biggest differences are in the available materials as photopolymerization and extrusion processes utilize

mostly plastic materials, whereas metal objects are most often manufactured with PBF methods.

AM started off in 1987 with the emergence of stereolithography (SLA) , which is a vat polymerization technology.

This method consists of solidifying thin layers of light-sensitive liquid polymers with a UV light source (Figure 1a),

which in the original case was a laser. The position of the laser beam can be accurately controlled using a mirror

galvanometer system, resulting in extremely detailed parts. Modern consumer machines often use a UV LED array

together with a high-resolution LCD photomask to reduce cost and complexity. This generally produces less

detailed parts but has the benefit of being able to print the entire layer at the same time, which significantly

improves the printing speed. While only the polymer can be directly hardened, other materials can be added into

the liquid polymers as powders. After manufacturing, the hardened polymer can be burned away, leaving only the

added material behind, although heavily shrunk compared to the original printed part. This allows SLA to be used

for the manufacturing of ceramic and metal parts.

In 1991, fused deposition modeling (FDM) was commercialized with the launch of Stratasys’s first FDM printer .

With this technology, individual layers are constructed by precisely extruding thermoplastic materials according to a

CAD model (Figure 1b). The low costs associated with FDM machines and materials have made it by far the most

popular consumer AM technology . The material selection for FDM is wide, as many thermoplastics can be

successfully printed, and similarly to SLA, other materials can be used as fillers. Furthermore, fully metal-based

solutions based on material extrusion have recently become available .

The AM method with the widest material selection is binder jetting (BJ) , where an inkjet mechanism is used to

selectively deposit a binder material into the powdered material to form layers. BJ can utilize many types of

materials, such as ceramics, metals, and polymers. Full-colored prints are also possible due to the inkjet

mechanism. The method allows for large build areas, as the binder solidifies at room temperature and does not

introduce warping. Depending on the material, the printed parts need to be sintered or infiltrated with a low melting-

temperature metal . This produces a part with significant internal porosity, potentially making the method

unsuitable for applications where demanding material properties are required.
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Figure 1.

Schematics of (a) SLA reprinted with permission from Ref. . Copyright 2016 Elsevier and (b) FDM 

processes.

The first powder bed fusion (PBF) method called selective laser sintering (SLS) became available in 1992 ,

although it was patented several years earlier . SLS involves using a powerful laser to selectively fuse powder

particles into layers. After each layer, the build platform is lowered, a new coat of powder is applied, and the

process repeats until the part is ready. The process of a general laser powder bed fusion (L-PBF) is illustrated in

Figure 2. The thickness of each coat of powder defines the layer thickness and determines the Z-axis accuracy of

the part. The X- and Y-axis accuracy is determined by the laser assembly and material used. It can be used to

manufacture parts from many different types of materials, even metals and ceramics, and can print without the use

of support structures, as the part can be supported by the unsintered powder in the build chamber. The technology

of selective laser melting (SLM), which was started in 1995 , is similar to SLS, as it is also a powder bed

process. However, instead of sintering, the (metal) powder is completely melted, leading to a less porous and more

homogeneous part with improved thermal, electrical, and magnetic properties. A natural evolution of SLM is the

technology of electron beam melting (EBM), where an electron beam is used instead of a laser. This allows for

higher energy densities and a wider selection of materials. When printing metals, a dimensional tolerance of ±0.1

mm is often cited , and with SLM and EBM, densities over 99% can be achieved .
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Figure 2. Schematic of a laser powder bed fusion process .

2.1. Materials Used in AM

AM allows many different materials to be used. In the context of thermal solutions for electrical machines, the

relevant materials are either good electrical conductors, dielectrics, or have good magnetic properties. These

materials are used for different purposes but for all of them, a high value of thermal conductivity is beneficial for

increasing the total thermal performance of the machine.

The windings of an electrical machine need to be highly electrically conductive, meaning that copper is an ideal

choice. AM allows the shape of the conductors to be optimized for both electrical and thermal purposes. However,

a significant challenge in the additive manufacturing of machine windings is the relative difficulty of printing fully

dense copper with a PBF based process, as copper reflects up to 98% of the energy applied by an infrared laser

beam often used in SLM . This problem can be mitigated by using a green laser  or an electron beam 

to achieve virtually fully dense parts with physical properties equivalent to the solid material. Copper can also be

printed with other AM methods, such as BJ, SLA, and FDM, but due to the internal porosity of the final part, the

thermal conductivity of the resulting object is lower .

Even though printing copper is less common due to the technological requirements, some impressive results have

been achieved. Simpson et al.  have used DMLS to create copper alloy windings that are shaped for minimal AC

losses (Figure 3a). The experimental results show reduced AC losses, although the electrical conductivity of the

sintered material is only 51% IACS. A higher conductivity value of 90% IACS  has been achieved by using SLM

and a copper alloy (CuCr1Zr) to create an induction heater with integrated water cooling (Figure 3b). The copper

alloy CuCr1Zr is noteworthy, as it can be successfully manufactured using SLM with an infrared laser, while still

having high thermal (310–340 W/m/K) and electrical (≥43 MS/m) conductivity . The primary alternative to

copper is usually aluminum, with the alloy AlSi10Mg receiving the most attention in AM .
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Figure 3. Additively manufactured (a) copper alloy windings  and (b) an induction heater with integrated water

cooling .

The printing of soft magnetic materials allows for the geometry of the core of an electrical machine to be optimized.

This may include liquid cooling channels inside the iron core or cooling fins on the stator surface. The ability to

integrate the cooling elements with the machine’s core can be beneficial due to the elimination of any contact

thermal resistance, even if the thermal conductivity of soft magnetic materials is relatively low. The materials used

are typically ferrosilicon alloys, which can be successfully printed using PBF and other AM methods.

The dielectric material needed to insulate the conductive windings is often a large source of thermal resistance in

an electrical machine, as the electrically isolating materials used in machines are also poor thermal conductors

(values of around 1 W/m/K). This is not the case with some ceramics, which through the use of AM could be

utilized in electrical machines as thermally conductive isolation material. Several different AM methods can utilize

ceramic materials, including SLA, by suspending the ceramic powder inside a liquid photopolymer . For

example, Rauchenecker et al.  were able to create complex-shaped alumina nitride ceramic parts with thermal

conductivity values over 160 W/m/K. The thermal conductivities of some popular materials manufactured with

different AM methods are presented in Table 1.

Table 1. Thermal conductivities of popular materials used in AM.

Material Manufacturing Method Effective Thermal Conductivity (W/m/K)

Pure copper

Electrolysis 394

EBM 390 

SLM 317–336 

BJ 245–327 

Extruded paste 284 
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Material Manufacturing Method Effective Thermal Conductivity (W/m/K)

CuCr1Zr
Cast 310–340 

SLM 309 

AlSi10Mg

Cast 113 

SLM 173 

SLS 100 

Electrical steel SLM 26 (Fe-3.7 w.t.% Si) 

Alumina nitride ceramic

Pure 285 

SLA >160 

BJ 3–4 

Alumina ceramic SLA 35 

2.2. Additively Manufactured Electrical Machines

In the realm of electrical machines, AM is still in the research stage. Individual components of an electrical machine

have been successfully manufactured by several groups. Urbanek et al.  have designed and manufactured a

PMSM rotor from a soft-magnetic ferro-silicon alloy using a laser PBF process. The rotor is designed to utilize the

advantages provided by AM by incorporating several design optimizations, including a skewed active part and a

hollow shaft. Tseng et al.  have used SLM to create a novel SRM rotor that incorporates skewing to reduce

cogging torque and plastic ribs to reduce windage losses. Ibrahim et al.  have used cold spray AM to create a

rotor with alternative PM and soft magnetic composite material layers. The use of AM allowed them to eliminate the

bridges and center-posts normally present in PMSM rotors, which limit the motor capabilities.

Some groups have used AM to produce working electrical machines, although not all parts were printed. Tiismus et

al.  have used SLM to create a working axial-flux switched reluctance motor (Figure 4a). It includes a stator and

a rotor which were manufactured from silicon steel. Wu et al.  have designed and printed a fan motor that

includes a rotor with an integrated impeller to achieve a robust motor with an improved power density (Figure 4b).

Ge et al.  have used SLA and metal plating to create an electrostatic motor (Figure 4c).
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Figure 4. Additively

manufactured electrical machines: (a) axial flux motor , (b) integrated fan motor reprinted with permission from

Ref. . Copyright 2021 Elsevier, (c) electrostatic motor .

A completely additively manufactured electrical machine, where the windings, insulation, and soft magnetic

materials are all printed concurrently, has not yet been achieved, as this would need advances in multi-material

printing technologies. Powder bed fusion processes can generally only print a single material, although dual-metal

systems do exist . Nonetheless, research in the area is going strong, as additively manufactured electrical

machines can have many advantages over traditionally manufactured counterparts .
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