
ABSTRACT

KONALA, SATYANARAYANA. Investigating Additive Manufacturing for Functional Parts:
Accuracy, Performance, and Applications. (Under the direction of Dr. Ola Harrysson).

This dissertation investigates accuracy capabilities and process parameter optimiza-

tion across multiple additive manufacturing (AM) technologies through three distinct

applications. The first study explores the feasibility of manufacturing strain wave gear flexs-

plines using Laser Powder Bed Fusion (LPBF). While flexsplines were successfully produced,

achieving the required tooth geometry tolerances proved challenging. A hybrid manu-

facturing approach using electrical discharge machining was investigated but produced

unacceptable stepping effects at lead-in and lead-out points. A novel warping method is

explored to reduce the effect of warping on thin walled components.

The second study examines the accuracy of surgical guides manufactured using two dif-

ferent vat photopolymerization technologies. Results revealed that Stereolithography (SLA)

achieved superior intaglio accuracy, while Digital Light Processing (DLP) demonstrated

better accuracy for linear features and thin slots. Build orientation significantly affected

accuracy, particularly in SLA prints, with accuracy decreasing as orientation approached

vertical positions.

The third study analyzes the influence of scan strategies on part quality in LPBF-

manufactured 17-4 PH stainless steel components. Results showed significant variations

in residual stress development, with X-aligned scanning producing the highest deflection

and Y-aligned scanning the lowest. The Y strategy also achieved the best linear accuracy,

while the Meander strategy maintained the most consistent cylindricity throughout heat

treatment. Solution annealing effectively normalized residual stress variations between dif-

ferent strategies, though considerations for potential porosity in non-rotating scan patterns

were noted.



These findings contribute to the broader understanding of AM capabilities and limi-

tations across different applications, highlighting the importance of application-specific

optimization and the need to balance multiple quality factors when selecting process pa-

rameters. The research provides practical guidelines for manufacturing high-precision

components while identifying areas requiring further investigation.
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CHAPTER

1

INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, is a revolutionary technology

that has transformed the way we design and produce complex parts. Unlike traditional

manufacturing methods that involve removing material from a solid block, AM builds parts

layer by layer, adding material in a controlled and precise manner. This unique approach

enables the creation of intricate geometries and internal features that are not possible with

conventional manufacturing techniques. In some cases, AM can eliminate tooling, which

is bene�cial for low volume production or prototyping, where traditional methods like

injection molding become prohibitively expensive (Franchetti and Kress 2017). The minimal

need for tooling, combined with the ability to change designs rapidly and produce custom

tailored components is driving up the adoption of AM technologies in many industries

1



from aerospace to fashion (Wohlers Associates 2022).

In the rapidly growing �eld of AM, particularly in metal AM, accurately characterizing

the achievable dimensional accuracy is crucial. AM is increasingly being used to produce

parts that were previously manufactured as single components or assemblies using tra-

ditional methods. However, the tolerances attainable through metal AM processes are

often signi�cantly worse, sometimes by an order of magnitude or more. This challenge is

commonly addressed by employing �nish machining operations to re�ne the AM parts

and achieve the desired �t and �nish. While this approach is viable for surfaces accessible

by machine tools, it may not always be feasible for complex parts with undercuts, organic

geometries, or thin-walled parts with intricate designs. The ability to obtain a net shape

part directly from the printer, without requiring additional machining, represents a signi�-

cant advancement, especially in space-based applications where the harsh environment

demands stringent thermomechanical properties, limiting the available material choices.

The �eld of personalized medicine is increasingly embracing additive manufacturing

(AM) for the production of patient-speci�c components such as prostheses, implants, and

surgical guides. Surgical guides, custom-made cutting or drilling guides used for increased

technical precision, are often created using imaging data like computed tomography (CT)

scans and play a vital role in both surgical planning and execution. Despite the widely

accepted notion that surgical guides improve procedural outcomes, there is a paucity of

studies on their accuracy and the impact of various printing processes on guide perfor-

mance in the operating room.

This dissertation investigates a motion transfer component known as a �exspline, ex-

ploring the achievable accuracy through AM and the impact of reduced tolerances on its

functional ef�ciency and lifespan. The research also assesses the impact of Laser Powder

Bed Fusion (LPBF) toolpaths on part accuracy and residual stress generation. Furthermore,

the dissertation analyzes a cutting guide designed speci�cally for oral canine mandibulec-
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tomy, considering two distinct polymer AM processes with similar accuracy capabilities.

Guides with the same CAD model are manufactured using different orientations and resins,

and the effects of printer technology and process parameters on �nal part accuracy are

investigated.

This thesis is organized into six chapters. Chapter 2 provides a review of the literature

pertaining to accuracy and precision in AM. Chapter 3 describes the process of manu-

facturing �exsplines using AM and analyzes the properties of the �exsplines made using

AM. Chapter 4 describes the process of designing and manufacturing custom surgical

guides using polymer AM and studies the accuracy achievable and the effects of process

parameters on the accuracy. Chapter 5 analyzes the effect of scanning strategies on part

accuracy in LPBF Chapter 6 summarizes the work and provides future avenues for research.
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CHAPTER

2

LITERATURE REVIEW

2.1 Tolerances and Surface Texture

Every part that is designed for manufacturing is designed with allowable limits for variation

in its dimensions. These limits known as tolerances are de�ned by ANSI as "the total amount

by which a speci�c dimension is permitted to vary. The tolerance is the difference between

the maximum and minimum limits" (ANSI 1982). The precision of tolerances directly

impacts manufacturing costs. Tighter tolerances—that is, a narrower range of allowable

variation—necessitate advanced manufacturing techniques, more precise machinery, and

often more complex and time-consuming operations. As a result, the manufacturing cost of

parts requiring tighter tolerances is generally higher (Lorenzoni et al. 2019). Manufacturers
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often use tolerance loss functions to optimize the trade-offs between manufacturing cost

and functionality loss from tolerances used (Söderberg 1994). Based on the function of the

part in an assembly, allowable tolerance limits are chosen, which then inform the choice of

manufacturing processes. Often times, a combination of more than one manufacturing

process is used on all or a part of the component to achieve the desired �t. Table 2.1 shows

the tolerances that can be expected from various commonly used manufacturing processes.

It should be noted that these are typical tolerances and can vary widely depending on

several factors such as material, operator skill, machine tool capability, etc.

Table 2.1: Typical tolerances for various manufacturing processes (Groover 2019)

Manufacturing Process Typical Tolerance Achievable

Sand Casting ± 1.3 mm
Die Casting ± 0.12 mm
Drilling ± 0.05 mm
Milling ± 0.025 mm
Turning ± 0.025 mm
Abrasive Finishing ± 0.002 mm
Electron Beam PBFAM ± 0.2 mm
Laser PBFAM ± 0.1 mm

The term surface texture is used to denote the three dimensional topography of a

surface. It consists of roughness, waviness and lay, each of which play a critical role in a

component's application speci�c performance (Vorburger and Raja 1990). Roughness refers

to the �ne irregularities on a surface. It is typically measured in microns or micro-inches. The

required surface roughness of parts changes based on application. Surfaces necessitating

high-precision contact or frictionless motion, such as bearings or seals, typically require

a high degree of surface smoothness (Goepfert et al. 2000). Conversely, rough surfaces
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are advantageous for applications demanding adhesion or wear resistance, exempli�ed

by brake pads or gripping surfaces. Waviness refers to the larger scale irregularities on a

surface, often measured in millimeters. It can be caused due to deformation in the parts or

vibrations during the manufacturing process. Waviness can cause uneven contact between

surfaces leading to uneven wear and noise (Neisi et al. 2019). Lay refers to the direction of

surface irregularities and is vital in applications requiring controlled directional motion

or where mechanical properties like fatigue strength are paramount (Taylor and Clancy

1991; Novovic et al. 2004). Properly aligning lay can signi�cantly affect lubrication retention,

noise reduction, and wear patterns, particularly in dynamically stressed components (Xiao

et al. 2004). The surface roughness of a component depends heavily on the manufacturing

processes used to make the component. Figure 2.1 shows the typical roughness values

that can be expected from various traditional manufacturing processes. Depending on

the function of a component and the cost trade-offs, suitable manufacturing methods are

chosen (Vorburger and Raja 1990).

Powder bed fusion, being a layer by layer process, induces surface texture with mech-

anisms different from traditional machining. In PBFAM, the surface texture is primarily

in�uenced by factors like powder size distribution (PSD), layer thickness, scan strategy,

part orientation and support strategy and the type of post processing used. The primary

cause of surface roughness in these processes is the presence of unmelted powder adhered

to the surface of the parts (Strano et al. 2013). The interaction of the laser or electron beam

with the powder bed also plays a crucial role in the surface texture as features such as scan

track boundaries and balling effects depend on the laser parameters and scan strategy.
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Figure 2.1: Surface roughness achieved by common manufacturing processes (Vorburger
and Raja 1990)
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2.2 Accuracy and Precision in Additive Manufacturing

Accuracy and precision are fundamental metrics in manufacturing, each serving as a critical

indicator of quality and performance (Zuilhof 1994). Accuracy, according to ISO, consists

of trueness and precision. Trueness is de�ned as the closeness of agreement between

measurements (arithmetic mean) and the true value and precision as the closeness of

agreement between repeated measurements (ISO 2023). In manufacturing, it is a measure

of how close the shape, features and dimensions of the part are to the speci�ed design.

Achieving high accuracy in manufacturing is essential for ensuring that the �nal product

meets the intended speci�cation, thereby ful�lling its designated function effectively. The

accuracy of parts produced by a manufacturing process depend on several factors such as

machine calibration, tool condition, thermal factors, design complexity, etc. (Rong and Bai

1996; Mehrabi et al. 2002; Fan et al. 2012). Each of these factors can introduce variations

that deviate from the desired outcome, making rigorous process control essential in high-

accuracy manufacturing environments.

The accuracy achievable in AM depends heavily on the type of process being used. In

this section, two relevant AM processes, laser powder bed fusion (LPBF) and vat photopoly-

merization (VPP) are discussed. LPBF works by selectively melting and fusing layers of

powder material using a laser, building parts with complex geometries and �ne details.

The accuracy in LPBF is in�uenced by factors such as laser focus, powder particle size

distribution, and layer thickness. On the other hand, VPP involves curing liquid photopoly-

mer resins layer by layer using light (often UV), creating parts with smooth surfaces and

intricate details. The accuracy in VPP can be affected by the light source's precision, the

resin's properties, and the layer curing dynamics.

Precision is a metric that quanti�es how close repeated measurements are to each other
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under the same conditions. High precision implies a high degree of repeatability in the

process. In manufacturing, precision involves the ability to consistently produce identical

or nearly identical parts in multiple manufacturing runs. This is especially important in

a mass manufacturing setting, where deviations in part dimensions can lead to wasted

resources and operational inef�ciencies.

2.2.1 Laser Powder Bed Fusion

The LPBF process is susceptible to several sources of geometric deviations that can impact

the accuracy and quality of the �nal product. The stochastic nature of some of these devia-

tions introduces a level of unpredictability which not only compromises the dimensional

accuracy of individual parts but also affects the precision and repeatability of parts across

multiple builds (Gholaminezhad et al. 2016). LPBF, being a layer by layer process, repeatedly

melts a new layer of metal powder over a substrate that is relatively colder than the melt

pool. The intense localized heating followed by rapid cooling creates signi�cant thermal

gradients within the build. These gradients lead to residual stresses in the parts that can

lead to warping or distortion once the part is separated from the build platform (Mercelis

and Kruth 2006). In some cases, when the magnitude of residual stress is greater than the

tensile strength of the material, cracking can occur. The effect of thermal gradients is also

seen in thin walled parts, where a pool of molten material is surrounded by a large mass

of cold, unmelted powder with poor thermal conductivity. This leads to porosity, poor

surface roughness and geometric distortion of thin walled features (Wu et al. 2020). The size

distribution and morphology of the powder feed stock has an in�uence on the mechanical

properties and the surface �nish of the �nal part, as they in�uence meltpool dynamics,

layer quality, packing density and surface texture as a result of adhered unmelted powder

to the outer surface (Riener et al. 2020; Spierings et al. 2011). Downfacing surfaces are also
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unfavorably affected in LPBF, often having poor surface �nish and geometric accuracy.

This is primarily due to the adherence of unmelted powder on the surface and uneven

heat dissipation during melting (Mele et al. 2021; Wang et al. 2013, 2016; Di Wang et al.

2013). While this can be mitigated to some extent by optimizing support structures and

process parameters, the surface quality is always worse compared to an upfacing surface

(Fox et al. 2016). Surface roughness on components produced using PBF can be improved

by optimizing the process parameters to obtain mostly melted powder on the surfaces, or

by reducing feedstock powder size distribution (PSD) and reducing layer thickness. Proper

calibration of the mirrors in LPBF systems is crucial for ensuring the precision and accuracy

of the manufactured parts. These mirrors, integral to the galvanometer scanning system,

direct the laser beam across the powder bed to melt and fuse the metal powder. However,

inaccuracies in mirror alignment can lead to deviations in beam placement, uneven en-

ergy distribution, and thermal drift, resulting in dimensional inaccuracies, compromised

surface quality, and increased porosity within the �nal product (Lane et al. 2020; Kim et al.

2021; Boehler and Marbs 2003).

2.2.2 Vat Photopolymerization

Vat Photopolymerization (VPP) is an additive manufacturing technique where parts are

built by selectively curing a vat of resin layer by layer. Stereolithography (SLA) and Digital

Light Processing (DLP) are two most common types of VPP. In SLA, a UV laser is directed

by computer controlled mirrors to cure a layer of resin based on CAD data (Hull 1986).

In DLP, a UV projector is used to expose a whole layer at once, allowing for signi�cantly

faster build times and simpler printers with fewer moving parts (Chaudhary et al. 2023).

The resolution of an SLA printer is limited by the size of its laser spot but is often higher

than the resolution of DLP printers, whose resolution is a function of the projector's res-
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olution. The accuracy of parts produced by VPP depends on several factors, including

the X and Y resolution of the printer, layer thickness, resin type and orientation of the

model (Mukhangaliyeva et al. 2023; Huang et al. 2022). Geometric inaccuracies in VPP

parts arise from multiple factors, associated with the photopolymer resin characteristics

and the speci�cs of the printer hardware. Upon exposure to UV light, photopolymer resins

undergo polymerization, leading to shrinkage. This shrinkage is not uniform and can vary

based on the resin composition, the volume of the part, and the distribution of cured resin

within it. The differential shrinkage across the part can introduce warping, curling, and

distortions, affecting geometric accuracy (Karalekas et al. 2002; Karalekas and Aggelopoulos

2003; Kim and Kim 2021; Zhang et al. 2021). The �uid dynamics of the resin, particularly its

viscosity, play a signi�cant role during the recoating process between layers. High viscosity

can lead to incomplete or uneven spreading of the resin, resulting in layer thickness varia-

tions and, consequently, inaccuracies in the Z-axis. The penetration depth of the UV light

affects how much of the resin cures beyond the intended layer thickness (Paral et al. 2023;

Zhang et al. 2024). Variables such as the intensity of the light source, exposure time, and

the photoinitiators in the resin composition in�uence cure depth. Overcuring can cause

parts to have dimensions larger than designed (Hofstetter et al. 2018; O'Neill et al. 2017).

For SLA printers, the precision of the mirrors and the stability of the laser's optical path are

crucial for ensuring that each point on the resin surface is accurately cured according to

the CAD model. Misalignment or drift in the optical system can introduce errors (Partanen

1996). In DLP systems, the resolution of the projector determines the minimum feature

size and the accuracy of the parts. Lower projector resolution can lead to pixelation effects,

where the edges of features become stair-stepped rather than smooth (Montgomery et al.

2023). Mechanical inaccuracies in the build platform's movement or the recoater blade can

introduce layer misalignments or variations in layer thickness (Tong et al. 2003).

Studies previously conducted on SLA printers show that while layer thickness is pos-
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itively correlated with resolution, this does not contribute to increased accuracy. Favero

et al. (2017) conducted a study on the effect of layer thickness on accuracy of dental models

printed at layer heights of 100, 50 and 25 µm. They found that the models printed at a layer

thickness of 100 µm had the highest accuracy, which was attributed to fewer chances for

error and layer artefacts in those builds (Favero et al. 2017). Studies conducted on dental

models manufactured using SLA and DLP technologies often show that SLA has higher

accuracy than DLP (Rey-Joly Maura et al. 2021; Naeem et al. 2022), however, that is not

always the case. In similar studies conducted using various VPP printers, DLP was found to

be more accurate (Emir and Ayyildiz 2021; Yao et al. 2020a). This can be attributed to one

of multiple factors. The layer thicknesses and printer technologies used in the different

studies are not identical, and neither are the accuracy measurement methods. Unkovskiy

et al. (2021) compared the differences in accuracy and precision of denture bases printed at

different orientations and found signi�cant differences between different build angles. The

best accuracy was achieved at a build angle of 90 ° for both SLA and DLP while a horizontal

build orientation produced the most repeatable DLP models. Most of the literature on

comparisons between SLA and DLP is from the dental community and is inconclusive

when it comes to relative accuracy and precision between the two technologies.

2.2.3 Measurement Techniques

Geometric characteristics of parts manufactured through AM can be assessed using a range

of measurement techniques. These techniques can be broadly categorized into contact

and non-contact methods, each with their own strengths and weaknesses. Coordinate

measuring machines (CMMs) are one of the most widely used instruments for contact

measurement. They use a touch probe that physically contacts the part surface at speci�c

points to measure various features with a high degree of accuracy. CMMs are ideal for
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inspection of critical components, where high precision is essential (Vermeulen et al. 1998;

Lee et al. 1997). In addition to dimensions, CMMs can also be used to measure surface

texture and various tolerancing features such as roundness, cylindricity, etc (Gadelmawla

2010; Kochetkov et al. 2021). Non-contact methods mainly comprise of optical and X-ray

scanners. Optical scanners project a light source onto the part's surface and capture its

re�ection with a camera. The re�ected light is then used to algorithmically create a digital

representation of the parts surface, typically in the form of a point cloud (Modjarrad 1989).

These data can then be further processed to obtain geometric deviation data and visualize

the deviations at various points in the part. Optical scanners are useful for quick and

accurate assessment of various complex and intricate geometries that cannot always be

probed using a CMM (Martínez et al. 2010). X-ray computed tomography (XCT) scanning

uses X-ray images of a part taken from multiple angles to reconstruct them into a 3D model.

This offers a unique advantage of capturing both internal and external geometries of a

part, and any internal defects such as porosity or internal cracks (Sun et al. 2012). CT scans

are widely used for print quality assessment, and analyzing complex internal geometries

produced by LPBF (Thompson et al. 2016; Zhou et al. 2021). Since the advent of the use of

machine learning based models for in-situ defect prediction, CT scans are being used as

the "ground truth" for training (Taherkhani et al. 2022; Ledford et al. 2020; Estalaki et al.

2022). While XCT offers a way of getting high resolution geometric data non destructively,

it is not always preferred as the datasets produced by XCT are very large and signi�cant

computing resources are required to process them. They are also time consuming, and the

specimen size is limited by the X-ray absorptivity of the material being scanned (Du Plessis

et al. 2018).
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Table 2.2: Comparison of advertised accuracy for common PBF systems

Manufacturer Model Technology Spot Size ( µm) Minimum Layer Thickness ( µm) Part Accuracy ( µm) Build Volume (mm ³ )

EOS M290 LPBF 100 20 50 250 x 250 x 325
GE Concept Laser M2 LPBF 70 20 - 245 x 245 x 350
GE Concept Laser Mlab R LPBF 50 15 - 90 x 90 x 90

Renishaw RenAM 500 LPBF 80 30 - 250 x 250 x 350
SLM Solutions SLM 280 LPBF 80 20 - 280 x 280 x 365

Trumpf TruPrint 2000 LPBF 80 20 - � 202 x 200
Xact Metal XM200C LPBF > 20 20 - 127 x 127 x 127

Wayland Additive Calibur 3 EBPBF 100 - 150 50 - 300 x 300 x 450
GE Additive Arcam Q10 plus EBM - 40 130 200 x 200 x 200



Table 2.3: Comparison of advertised accuracy for common SLA and DLP systems

Manufacturer Model Technology Spot Size ( µm) / Resolution Min. Layer Thickness ( µm) Accuracy ( µm) Build Volume (mm ³ )

3D Systems Figure 4 DLP HD 1920 x 1080 px 65 30 125 x 70 x 196
Prusa SL1S DLP 2560 x 1620 px 10 (25 standard) - 127 x 80 x 150

Rapidshape D20+ DLP HD 1920 x 1080 px 15 34 133 x 75 x 115
Formlabs Form 3L LFS (SLA) 85 25 25 145 x 145 x 193

Rapidshape D50+ DLP 4K 3840 x 2160 px 15 30 231 x 130 x 300
Formlabs Form 3 + LFS (SLA) 85 25 25 335 x 200 x 320

Table 2.4: Comparison of contact and non-contact measurement methods

Method Accuracy (mm) Pros Cons

Coordinate Measuring Machine (CMM) Up to 0.0025 High precision and accuracy, Versatile, De-
tailed data

Slow, Requires contact, Expensive

Articulated Arm CMM Up to 0.005 Portable, Flexible, Can reach dif�cult angles Less stable, Manual operation
Mechanical Probes Varies Simple, Inexpensive, Accurate local measure-

ments
Can damage surfaces, Limited reach

Structured Light Scanning Up to 0.005 Fast, Non-contact, Captures details Sensitive to lighting, Can be expensive
Laser Scanners Up to 0.0025 Fast, Accurate, Non-contact Struggles with certain surfaces
X-ray Computed Tomography (XCT) Up to 0.005 Non-destructive, Detailed internal and exter-

nal, 3D imaging
Expensive, Requires special facilities, Slow

15



CHAPTER

3

ADDITIVE MANUFACTURING OF STRAIN

WAVE GEAR FLEXSPLINES IN 17-4PH

STAINLESS STEEL

3.1 Background

A strain wave gear (SWG) or a harmonic drive is a special type of gear system used for

precision motion control and power transmission applications. Characterized by their

unique ability to achieve high reduction ratios in a single stage without sacri�cing ef�ciency
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or torque capacity, strain wave gears have become indispensable in robotics, aerospace,

and defense sectors, among others. They are particularly attractive for applications where

weight and space savings are a signi�cant concern like light-weight robots, space rovers,

compact mechanisms, etc (Hirzinger et al. 2001; Li et al. 2009). A harmonic drive assembly

consists of three main components: (i) Flexspline, a thin walled �exible cup or cylinder with

external teeth (ii) Circular Spline, a rigid circular ring with internal teeth, usually more teeth

than the �exspline (iii) Wave Generator, an elliptical disc �tted within a bearing, which

rotates and deforms the �exspline in the process (Walton 1959). As the wave generator

rotates inside the �exspline, the teeth on the major axis of the wave generator engage with

the inner teeth of the circular spline, causing a torque transfer into the �exspline, causing

it to rotate in the opposite direction (Tuttle 1992). In a typical setup, the wave generator

is connected to the input shaft, and the �exspline is connected to the output shaft with

the reduced gear ratio. Figure 3.1 shows a cut away view of a harmonic drive assembly

along with a working schematic. One of the key advantages of strain wave gears is their

high tooth engagement. Since the teeth engagement occurs through deformation, up to

30% of the teeth are engaged at any given time. This feature, combined with precision

manufacturing techniques, results in several desirable characteristics for a precision drive,

including zero backlash and high positional accuracy, all within a compact and lightweight

package (Lauletta 2006). However, the performance of strain wave gears can be sensitive to

manufacturing imperfections. Any inaccuracies, particularly in the teeth or thin wall of the

�exspline, can negatively impact its performance and introduce noise and vibrations to

the transmitted power. Furthermore, inconsistencies in tooth-to-tooth spacing can lead to

rotational errors. Tooth inaccuracies may also cause uneven load distribution and stress

concentrations in the wall, potentially resulting in uneven tooth wear and localized teeth

failure (Folkega 2014; Ling et al. 2023).
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Figure 3.1: Illustrations showing the structure and working of a strain wave gear. (a) Cut-
away view showing the three main components of a strain wave gear. (b) Series of images
showing the relative motion of the �exspline and circular spline through a full rotation of
the wave generator. [Technology - harmonicdrive.net ]

18



Typically, �exsplines are manufactured using a multi-step manufacturing process. First,

a blank is plastically deformed into the shape of a cup, which is then machined and / or

ground to obtain the external teeth after a heat treatment process. This is followed by

a shot peening process to harden the surface layer of the �exspline (Kobayashi and Orii

2015). Several studies have been conducted to characterize the behavior and performance of

�exsplines including dynamic performance, effect of tooth pro�le design and measurement

of errors (Ghorbel et al. 1998; Yao et al. 2020b; Zhang et al. 2019; Yu et al. 2021; Li 2016).

Given the extensive use of harmonic drives in space -based applications, there is a push for

manufacturing �exsplines out of novel materials such as bulk metallic glasses (BMGs) for

their high wear and fatigue resistance (Hofmann et al. 2016). Currently, �exsplines are made

using BMGs using a multi-step casting process involving specially designed dies to achieve

the fast cooling rates required by BMGs (Hofmann and Kennett 2018). AM, especially LPBF

AM is attractive for the processing of BMGs due to the fast meltpool cooling rates observed

(Scipioni Bertoli et al. 2017), and researchers have demonstrated manufacturing BMG

components larger than their critical casting thickness using LPBF (Mahbooba et al. 2018;

Sohrabi et al. 2021). There have been studies conducted on using LPBF and directed energy

deposition (DED) to manufacture SWG components, using single and multiple materials

(Hofmann and Pate 2021; Amorphology 2023). However, little data exists on the suitability

of LPBF to manufacture �exsplines and the effect of the inaccuracies of the process on the

performance of SWGs utilizing AM �exsplines.

Flexsplines in harmonic drives are susceptible to various failure modes that affect their

performance and longevity. The most prevalent failure mode is fatigue fracture of the �exs-

pline (Dong et al. 2012). Cracks can initiate and propagate in several critical areas of the

�exspline: the rim (outer edge), tooth, rear cross section, and diaphragm. Rim cracks are

particularly hazardous and can result in catastrophic failure if the backup ratio (de�ned

as the ratio of rim thickness to tooth height) is less than 1.3 (Lewicki 2001) . Tooth cracks
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can occur near the root (base) or tip of the tooth, with root cracks being more severe due to

higher stress concentrations. The double-arc tooth pro�le, while offering superior perfor-

mance in terms of precision and load distribution, experiences higher stresses compared

to traditional involute pro�les (Kayabasi and Erzincanli 2007)). Rear cross section cracks,

occurring at the back of the �exspline cup, are challenging to detect in their early stages but

can lead to complete structural failure (Smith et al. 2019). Diaphragm cracks, forming at

the interface between the diaphragm (the thin, �exible part of the �exspline) and the boss

(the rigid output section), can reduce torsional stiffness and increase positional errors (Li

2016). Furthermore, the �exspline experiences non-uniform wear along its axial length due

to the coning angle effect. This phenomenon, caused by the elliptical deformation of the

�exspline by the wave generator, results in more severe wear closer to the input side where

the deformation is greatest (Routh et al. 2017). These diverse failure modes underscore the

complex stress distributions and degradation mechanisms that �exsplines endure during

operation.

17-4 PH steel, also known as Grade 630 is a martensitic precipitation hardening stainless

steel with high strength and good corrosion resistance. It has good machinablity and

weldability, and can be heat treated to obtain a wide range of mechanical properties (Rack

and Kalish 1974). Because of these properties, it is widely used to make chemical processing

equipment, aerospace components, and other industrial equipment requiring high strength

and corrosion resistance. Typical composition of 17-4 PH steel consists of Iron with 15 -

17.5% Chromium, 3-5% Nickel, 3-5% Copper and a maximum of 0.07% Carbon. Ageing the

steel in the temperature range of 480 °C - 620°C results in a copper rich precipitate phase,

which hardens the material (Hsiao et al. 2002). Table 3.1 shows the mechanical properties of

17-4 PH steel at various heat treatment conditions. It can be seen that as the aging time and

temperature increase, there is a decrease in hardness and tensile strength, but an increase

in elongation.
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Table 3.1: Mechanical Properties of 17-4 PH Stainless Steel under Different Heat Treatment
Conditions (ASTM International)

Heat Treatment Tensile Strength (MPa) Yield Strength (MPa) Elongation(%) HRC

Solution Annealed 1105 1000 15 38
H900 1310 1170 10 40
H925 1170 1070 10 38
H1025 1070 1000 12 35
H1075 1000 860 13 32
H1100 965 795 14 31
H1150 930 725 16 28

17-4 PH steel is a commonly used alloy for LPBF because of its ease of processability

and wide range of applications. Moreover, the inherent anisotropy of additively manufac-

tured parts can be eliminated by heat treating the parts to homogenize the microstructure

(Eskandari et al. 2022a). While the tensile properties of AM 17-4PH steel are similar to

wrought 17-4 PH steel at the same heat treatment condition, the ductility was found to be

lower, which was attributed to the presence of NbC precipitates, which initiate cavitation,

in addition to the presence of porosity, which contributes to ductility loss (Guennouni et al.

2021). The fatigue strength of AM 17-4PH steel is often found to be lower than wrought

17-4 steel due to the presence of internal voids and defects, which act as crack initiation

sites, causing the fatigue limit of AM 17-4 PH steel to be about 50% of the wrought material

(Carneiro et al. 2019). 17-4 PH Steel was selected as a pilot material for this study due to its

favorable processing characteristics in both AM and traditional machining. A particularly

attractive feature of 17-4 PH steel is the wide range of hardness values achievable through

various heat treatment conditions. This property allows for the modi�cation of material

characteristics while maintaining consistent wall thickness, providing �exibility in design

and manufacturing processes. The high hardness achieved at H900 condition also provides

good wear resistance, which is essential for power transmission applications
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Due to the complex failure modes experienced by �exsplines, conventional mechanical

testing methods are insuf�cient for evaluating their performance comprehensively. In this

chapter, we investigate the achievable accuracy in the additive manufacturing of �exsplines.

We explore a novel reverse warping method aimed at enhancing the roundness of the

�exspline, and outline avenues for future research in this �eld.

3.2 Materials and Methods

3.2.1 Part Fabrication

For this study, gas atomized 17-4 PH stainless steel powder (EOS GmbH - Electro Optical

Systems, Krailling, Germany) with a nominal particle size distribution ranging from 15 to 45

microns was utilized. The powder size distribution was characterized using laser diffraction

particle size analysis (Microtrac S3500, York, PA). The oxygen and hydrogen level of the

powder was measured before the builds using inert gas fusion analysis (LECO OH 836, LECO

Corporation, St. Josephs, MI), and scanning electron microscopy (SEM) was performed

on a powder sample for morphological analysis using a JOEL JSM6010 (JOEL Ltd., Tokyo,

Japan). Before recycling used powder, the powder was screened through a 106 � m sieve to

remove any spatter and unwanted particles. The �exsplines were manufactured via LPBF,

with a layer thickness of 25 � m in a GE Concept Laser MLab R (GE Additive, Boston, USA),

using manufacturer-speci�ed parameters on an unheated 304 stainless steel build plate.

Argon gas was used to create an inert environment within the chamber, and the oxygen

level was maintained below 0.3% throughout the entire process. To determine the scaling

factors, sample parts were printed, measured before and after heat treatment, and the

resulting shrinkage values were calculated. These shrinkage values were then utilized to

scale up the digital models, ensuring that the �nal parts achieved the desired dimensions
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after undergoing the heat treatment process.

To relieve residual stresses and achieve the desired mechanical properties, the parts

underwent a solution annealing and age hardening treatment. While still attached to the

build plate, the parts were enclosed in 309 heat treatment foil and subjected to solution

annealing in an argon atmosphere. The parts were heated to 1040 °C (1904°F) and held at

this temperature for 30 minutes, followed by air cooling to below 32 °C (90°F). Subsequently,

the solution annealed parts were subjected to the H900 age hardening treatment, which

involved heating the parts to 480 °C (900°F) for one hour, and then air cooling. The air

cooling process was accelerated by opening the furnace door and directing forced air onto

the parts, thereby increasing the cooling rates.

After the age hardening process, the parts were cut off from the build plate using a

band saw. Final machining operations were then performed where necessary. To facilitate

support removal, an additional 1 millimeter of material was incorporated on the bottom

face of the �exsplines during the initial build process. Furthermore, certain �exsplines were

manufactured with extra material on the inner wall. For these parts, the build plates were

securely �xtured in a machining center, and the inner wall was machined to the desired

dimensions before separating the parts from the plate. Figure 3.2 illustrates the machining

of the inner wall of a �exspline while it was still attached to the build plate. Once separated

from the build plate, the �exsplines were held in a machining center (Mazak Integrex i-

100ST, Yamazaki Corporation, Japan) using specially machined expansion clamps that

matched the �nal inner diameter (ID) of the �exsplines, as depicted in Figure 3.3. The

bottom face of the �exsplines was then machined to the desired thickness, and any support

structures or irregularities were removed. Additionally, any necessary holes were bored to

clean up the sidewalls, and to achieve accurate dimensions. Figure 3.4 shows a �owchart of

all the steps involved in obtaining the �nal �exspline.
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