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Abstract 

 

 Laser foil printing (LFP) is a metal additive manufacturing (AM) process using laser-based 

melting of metal foil technique. Using metal foils in AM has advantages over laser powder-feed 

processes, allowing for efficient heat transfer and resolving the drawbacks of powder-based AM 

such as potential powder inhalation health hazards, balling, spattering, and high powder costs. In 

this study, we demonstrate the advantage of LFP for embedding sensors into structures using 304L 

stainless-steel foil as the feed material and two different types of temperature sensors. The first 

type is a resistance temperature detector (RTD) platinum sensor (Pt 100), and the second type is a 

k-type thermocouple probe. A detailed study of the sensor embedment through LFP revealed that 

the spot-welding scanning strategy significantly improves the product quality than conventional 

line-welding scanning strategy. As a result of this study, the feasibility of fabricating functional 

parts with embedded sensors using the LFP process is demonstrated. 

 

Introduction 

 

According to the American Society for Testing and Materials (ASTM), AM is a general 

term for successfully joining materials layer-by-layer to form 3D parts, which is different from the 

traditional subtractive and formative manufacturing technologies [1]. There are a wide variety of 

AM techniques and categorization is based on the process architecture and characteristics. The 

following are the seven general AM categories [1]: binder jetting (BJT), directed energy deposition 

(DED), material extrusion (MEX), material jetting (MJT), powder bed fusion (PBF), sheet 

lamination (SHL), and vat photopolymerization (VPP). Two of these categories are similar to the 

process used in this study, laser foil printing (LFP), although it is not categorized in ASTM due to 

its unique processing technique. Sheet lamination (SHL) is a category that uses sheet/foil feed but 

fuses the layers using ultrasonic consolidation or adhesive joining. Directed energy deposition 

(DED) uses wire/powder feed, laser/electron beams, or electric arc to melt the feed material 

selectively. Laser foil printing (LFP) uses laser beams to melt the feed material of metal foils 

selectively. Therefore, the method of LFP does not fall directly under one of the seven AM 

categories, but it is somewhere between sheet lamination (SHL) and directed energy deposition 

(DED). 

 

Since LFP was invented at Missouri University of Science and Technology [2], [3], some 

materials applications, characterization, and automation studies have been researched. As 
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examples, aluminum 1100 alloy [4], AISI 1010 low carbon steel alloy [3], 304L stainless steel 

alloy [5], [6], and zirconium-based amorphous metal [7]–[10] are material applications researched 

with the use of LFP. In addition, a comparative study between LFP and a commonly used laser 

powder bed fusion (LPBF) technology revealed that the finer grain structure and lower porosity of 

the laser-foil-printed part resulted in higher strength [6]. Moreover, the fast-cooling rate of LFP 

helps to form amorphous metal parts, which are difficult using other AM technologies and 

traditional manufacturing processes [7]–[10]. Most recent studies focused on automating the LFP 

system [11], [12] and improving process productivity with parameter optimization and laser 

polishing experiments [13].  

In the present study, we experimentally investigate the feasibility of sensor embedding 

using LFP additive manufacturing. The utilization of embedded sensors is gaining increased 

traction in both industrial and academic circles. To provide an example, the demands of Industry 

4.0 encompass the integration of Internet of Things (IoT) technology featuring embedded sensors, 

applied across supply chain management, automated manufacturing, and complementary 

operational systems  [14]. In addition, the sensors can be used for structural health monitoring via 

embedded sensors to obtain strain, residual stress, and temperature variations during the 

component’s lifecycle [15]. As a consequence of the layer-by-layer approach inherent in AM, these 

processes serve as more practical fabrication methods when compared to conventional 

manufacturing strategies for enclosing sensors into desired parts, such as capacitors, thermal and 

pressure sensors, resistors, microchips, structural electronics, and many others [16]. The design 

concepts of embedding the electronic components into metal parts for the LPBF process are 

presented in the research paper by Binder et al.[17], where they demonstrated that a weldable strain 

sensor could be embedded into a nickel alloy IN718 metal part by this process [18]. However, the 

use of a powder bed in the LPBF process makes the application of sensor embedding highly 

challenging. Specifically, the process needs to be interrupted, the powder in the printed housing 

groove removed, and then the sensor placed during the embedding [19]. Moreover, process-related 

defects and anomalies such as keyholing, balling, and spattering are commonly known drawbacks 

of using powder-bed AM [20]. Additionally, Nunez et al. presented the embedment of 

thermocouples with DED [21]. The results showed that processing defects and porosities can be 

present, and the embedment strategy is critical. DED applications also include some hybrid 

processes using subtractive techniques[22] and ceramic deposition [23] to avoid defects to have 

improved surface quality and lower porosity. Yet, combining different processes would add 

additional steps and lower productivity. Another application for embedding functional parts is 

Ramanathan’s research of piezoelectric polyvinylidene fluoride (PVDF) sensor embedding using 

ultrasonic additive manufacturing (UAM) [24]. UAM typically uses a milling operation to form 

the desired geometry and consolidates the sheets to form parts [25]. LFP uses a clean atmosphere 

without dust or unmelted powders in the formed grooves for embedding geometries, does not 

include any machining operation, and fully melts the foil feed resulting in dense metal parts with 

fine grain structure. On the other hand, LFP can also have high thermal loadings that can cause 

part defects and damage the embedded component during processing. In specific, foil welding has 

a lower spatter risk than powder welding. This is because the molten metal is less likely to be 

ejected from the weld pool when welding foil. However, optimized scanning strategies can 

mitigate the drawback of potential processing issues. As a result, LFP can be a practical approach 

for embedding sensors and other types of electronic components into metallic parts. 
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The main objective of this study is to investigate the feasibility of embedding components 

into metal parts using LFP process. To showcase the potential of LFP for sensor integration with 

the capability of in situ measurements, temperature sensors have been selected as the components 

for demonstration purposes. This research aims to demonstrate how LFP can effectively embed 

sensors within metal parts during fabrication without damaging the sensor and the evidence of 

thermal decay. 

Overview of LFP process steps and system 

The LFP system consists of a continuous-wave (CW) infrared (IR) fiber laser for welding, 

and an ultraviolet (UV) pulsed laser for excess foil removal. The CW laser (IPG YLR-1000-MM-

WC-Y11) subsystem includes a galvo mirror scanner (SCANLAB hurrySCAN 30) and an f-θ lens. 

The CW fiber laser has a center wavelength of 1070 nm, beam quality factor M2 of 3.04, and 

maximum average power output of 1000 W. The focal length of the F-θ lens is 330 mm, and the 

laser spot size is 160 μm. The UV pulsed laser (Coherent AVIA-355X) subsystem includes optical 

reflection mirrors and a focal lens. The UV laser's center wavelength is 355 nm, the pulse width is 

30 ns, and the maximum average power output is 10 W. The focus length of the lens is 100 mm, 

and the laser spot size is 40 μm. Both the CW and UV laser beams are focused on the foil surface. 

In addition to the dual laser system, a 3-axis gantry system moves the specimen between the cutting 

laser and the welding laser. A circularly perforated foil clamping plate is used to apply pressure 

on the foil to hold the feed foil in place during the spot-welding step. A roller-to-roller foil supplier 

and a mechanical polisher are other system sub-components. Figure 1 shows the automated LFP 

system developed.  

Figure 1: In-house developed automated LFP system. [11] 

LFP is a metal AM process to build a part via selective laser fusion of sheet feedstock 

material to a substrate. The LFP has multiple steps of (1) spot welding, (2) pattern welding, (3) 
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contour cutting, and (4) edge polishing all of which are schematically shown in Figure 2. Spot-

welding step is the first step, and the foil clamping plate is used to compress the foil feed with the 

attached springs. Thus, spot-welding provides an attachment of the foil to the previous 

layer/substrate to prevent thermal distortion of the feed foil during the next step of pattern welding. 

In pattern welding, the material layer bonding occurs via the complete melting of the foil material. 

Then, contour cutting takes place to remove excess foil by detaching the layer from the feed. 

During UV cutting, burrs are produced; any non-flat surface features would result in defective 

welding for the following layer. Therefore, the final step is edge polishing to remove the burrs and 

flatten the part surface with a mechanical polisher consisting a #80 grit aluminum oxide grindstone.  

 

 
Figure 2: Illustration of the current process steps of LFP. From left to right: spot welding, pattern 

welding, contour cutting, and edge polishing. [11] 

 

Types of sensors in the embedding experiments 

 

The most common types of thermal sensors are thermocouples, mercury/alcohol 

thermometers, resistance thermometers, and radiation thermometers [26]. For demonstration we 

selected two different types of thermal sensors: thermocouples and resistance-based thermometers. 

Resistance thermometers, also known as resistance temperature detectors (RTDs), are made of 

pure material, such as platinum, to measure and calculate the temperature based on a linear 

relationship [26]. Thermocouples are composed of two metals to create a voltage between the hot 

sensor element and the cold reference junction [26]. Typically, thermocouples are less accurate 

than platinum RTDs, but the temperature range of measurement for thermocouples can be wider 

depending on the material type [26], [27]. The other considerations may include service life, the 

effect of pressure or vacuum, thermal decay or survival, and the thermal sensor cost in application 

[27]. 

 

The advantage of LFP for embedding sensors into structures are demonstrated using 304L 

stainless-steel foil as the feed material due to its availability and ease of welding. This foil 

purchased from Ulbrich Stainless Steels & Special Metals Inc. has a thickness of 0.005 inches 

(0.127 mm). Among the alternatives of temperature sensors available from the market, we selected 

two different types of sensors. The definitions, sensor types, dimensions, and temperature ranges 

for the two options are given in Table 1. The first sensor is an RTD, and it is selected because of 

its compactness and flatness facilitating embedment. It was purchased from the Innovative Sensor 

Technology IST AG with the product code 100513. The second sensor was selected because it has 

a weld pad, which allows LFP to perform laser welding onto the metal pad. It was purchased from 

Harold G. Schaevitz Industries LLC with the product code WPTC-ST-04-072-K-N. These two 

sensors with the cable and wiring assemblies are shown in Figure 3. 
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Table 1: Temperature sensor information 

# Definition 
Sensor 

Type 
Dimensions 

Temperature 

Range 

1 
Pt100, IEC 60751 F0.3 for high 

temperatures 
RTD 5 x 1.6 x 0.65 [mm] 

-200 to

+750 [°C]

2 
WPTC weld pad surface 

temperature thermocouple probe 
K-Type

25 x 25 x 0.25 [mm] 

(Pad dimensions) 

-100 to

+1300 [°C]

Figure 3: Pt100 RTD sensor (left) and weld pad thermocouple (right). 

Spot welding as a scanning strategy 

In the previous studies of LFP, the common scanning strategy of line raster scanning 

technique was used for the pattern welding step. Thus, the initial printing experiments used this 

approach. However, this scanning strategy needs to have a parameter investigation study to 

determine the best laser scanning parameters. The results show that although the rectangular base 

plate could be printed successfully, printing a groove shape resulted in defects and unsuccessful 

printing, as shown in Figure 4. This is because the geometry of the groove shape has thin walls, 

which has a much slower cooling rate than the rectangular plate, leading to some heat accumulation 

and resulting in foil distortion and the Marangoni effect. Therefore, a strategy of dense spot 

welding is investigated during the pattern welding step. 
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Figure 4: Sample printing results: (a) successful prints for a rectangular plate, (b-c) defective 

surface for the H-shape of Pt100 RTD, and (d) defective surface for the groove shape of WPTC. 

Spot scanning strategy is the application of laser welding discretely, which is different from 

continuous laser raster line scanning, see Figure 5. Calculations were done to determine the 

processing parameters for laser spot welding. According to Hung et al. [6], volumetric energy input 

(VEI) of the welding modes can be calculated with the equations 1 & 2, where P is the laser power 

[W], v is the laser scanning speed [mm/s], h is the hatch space [mm], s is the layer thickness [mm], 

t is the dwelling time [s], and d is the distance between spots [mm]. According to another research 

on the LFP process [5], the best laser welding parameters obtained had a VEI of 104.98 [J/mm3]. 

Thus, to achieve the same VEI, with 400 [W] laser power, 0.1 [mm] spot distance, 0.1 [mm] hatch 

space, and 0.127 [mm] layer thickness, laser dwelling time should be set to 0.333 [ms]. 

Figure 5: Illustration of spot scanning (left) and line scanning strategies (right). 

𝑉𝐸𝐼𝑙𝑖𝑛𝑒 =
𝑃

𝑣 ∙ ℎ ∙ 𝑠
( 1 ) 

𝑉𝐸𝐼𝑠𝑝𝑜𝑡 =
𝑃 ∙ 𝑡

𝑑 ∙ ℎ ∙ 𝑠
( 2 ) 

The single energy input (SEI) for line and spot scanning are compared via theoretical 

calculations below. The length (l) of the scanned line varies between 1.6-24 [mm]. Thus, the 

following calculations include minimum and maximum single energy input for line scanning. The 

results show that the single energy input for the line scanning strategy is 16-240 times higher than 

the spot scanning respectively. 

𝑆𝐸𝐼𝑙𝑖𝑛𝑒 = 𝑃 ∙
𝑙

𝑣
( 3 ) 
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𝑆𝐸𝐼𝑙𝑖𝑛𝑒−𝑚𝑖𝑛 = 400 𝑊 ∙
1.6 𝑚𝑚

300 𝑚𝑚
𝑠⁄

= 2.133 𝐽     

𝑆𝐸𝐼𝑙𝑖𝑛𝑒−𝑚𝑎𝑥 = 400 𝑊 ∙
24 𝑚𝑚

300 𝑚𝑚
𝑠⁄

= 32 𝐽    

𝑆𝐸𝐼𝑠𝑝𝑜𝑡 = 𝑃 ∙ 𝑡 ( 4 ) 

𝑆𝐸𝐼𝑠𝑝𝑜𝑡 = 400 𝑊 ∙ 0.333 𝑚𝑠 = 0.133 𝐽    

 

Figure 6 shows the dimensions for the geometries for the RTD sensor, weld-pad 

thermocouple, and the scanning path for the dense spots. The spot-welding pattern used in this 

study is a contour pattern that starts from the edges. In a previous research study, scanning inward 

mitigates the risk of foil distortion during processing [13]. The reason is that linear scanning in 

one direction may cause foil distortion due to the heat accumulation towards one edge. The red 

dots in Figure 6 are the approximate sensor measurement locations. The locations are essential for 

analyzing and investigating the collected temperature variation data. 

 

 
Figure 6: Dimensions of RTD sensor embedding geometry with sensor locations (left), contour 

pattern - spot welding path (center), and dimensions of WPTC sensor embedding geometry with 

sensor location.  

 

Pt100 RTD sensor embedding 

 

The laser-foil-printing experiments started with the computer-aided design of the Pt100 

RTD sensor. First, the design files are prepared using SCANLAB laserDESK software, which is 

the laser processing software for the laser scanner used for welding. The sensor’s compact size 

allowed for embedding two sensors in one assembly. Figure 7 shows the sensor and the double-

sided design shape for embedding sensors.  
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Figure 7: Image of Pt100 RTD sensor (left) and double-sided sensor embedding (right). 

Printing started with the base rectangular plate and then continued additional layer printing 

of the grooved H-shape until the depth was tall enough to embed the sensors. Afterwards, we 

manually placed the sensors into the groove. Finally, another layer is printed on top of the sensors 

to complete the sensor embedding. The pictures of the sample are given in Figure 8. 

Figure 8: Pt100 RTD embedding from left to right: grooved shape without sensors (first and second 

images), grooved shape with sensors, and after one layer printed on top of the sensors. 

Embedding temperature sensors helps to investigate the LFP processing in terms of in-situ 

welding monitoring. The measurements were collected using a EXCELOG-6 Six Channel 

Handheld Temperature Data Logger for Thermocouples and RTDs. Figure 9 shows the 

temperature variation during the spot-scanning strategy. The oscillation is due to scanning being a 

contour path and the measured temperature increasing and decreasing accordingly. The scanning 

starts from the top edge, see Figure 6, where sensor 1 is closer to the melt pool, and the first peak 

in the sensor 1 measurement can be seen, then it cools down. Then the first peak in the sensor 2 

measurement can be seen. This oscillation repeats until the entire surface is scanned.  
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Figure 9: The plot of embedded Pt100 RTD sensor readings during the LFP processing. 

Weld pad thermocouple (WPTC) embedding 

After the study of embedding RTD sensors, embedding the second type of temperature 

sensor, i.e., the WPTC weld pad, was investigated. The embedding of this sensor started with its 

CAD model, which is shown in Figure 10 along with a photo of the sensor. Like the RTD sensors, 

the layer printing started with the base plate and continued with a groove shape with spot scanning. 

After the manual placement of the weld pad on top of the groove, the pad was welded on top of 

the surface of the previous layer. Then, the pad's exterior was cut using the UV cutting laser to 

maintain the rectangular geometry. The final layer printing on top of the sensor completed the 

embedding. Figure 11 and Figure 12 show the in-process LFP and sample pictures, respectively. 

As seen in Figure 11, the processing is done in argon gas shielding atmosphere to avoid oxidation. 

Figure 10: Images of WPTC weld pad (left), embedded WPTC weld pad with translucent layers 

(center), and embedded WPTC weld pad (right). 
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Figure 11: Laser foil printing of embedded WPTC: argon chamber assembly from top (left) and 

during spot welding (right). 

Figure 12: Weld-pad thermocouple embedding from left to right: printed base plate, grooved 

layers, welded pad after cutting, after printing another layer on top of the weld-pad. 

The printing of the layer above the embedded sensor has also been monitored for in-process 

temperature variations, and the result is plotted in Figure 13. The overall temperature rises due to 

the repetitive laser energy input in the plot. However, it oscillates during the input due to the sensor 

location shown in Figure 6. During the scanning of the edges, the weld spots are closer to the 

sensor measurement location, causing the localized peaks, and the cooling down causes the troughs 

when the laser spot welding is applied to the top and bottom edges. 
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Figure 13: The plot of embedded WPTC readings during the LFP processing. 

Discussion 

In this initial study, two different types of temperature sensors are used to investigate the 

feasibility of component embedding into metal parts using the Laser Foil Printing (LFP) process. 

LFP has a clean fabrication environment and uses inexpensive metal foil as the feedstock, which 

is practical and cost-effective for sensor embedding purposes compared to popular powder bed 

metal AM techniques. This work showed that LFP is a viable means for embedding temperature 

sensors into metal parts. This can be further expanded to include strain and pressure sensors, 

electrical components, a wide range of different sensors, and many others. 

During the sensor embedding experiments, various process parameters for pattern welding 

using line scanning resulted in defects due to thin walls and heat accumulation. Monitoring and 

simulation techniques have been used to predict processing-related defects and anomalies in metal 

AM processes. To ensure an accurate prediction, researchers use various process monitoring 

techniques including the use of pyrometers, infrared (IR) and charge-coupled device (CCD) 

cameras, and non-destructive testing (NDT) (computed tomography - CT and x-ray) [28], [29]. 

Numerical simulations use mostly finite element analysis with commercial software packages [30] 

or graph-theory approaches [31] to investigate the temperature field. LFP is a relatively new 

process that has yet to be analyzed using monitoring and simulations. In the spot-welding scanning 

strategy in this study, the single energy input is too low to heat up the entire part surface, which 

mitigates the potential processing-related defects. Also, the single energy input does not vary with 

part geometry, which is highly desirable for simulating the process and predicting its outcome. 

This scanning strategy has a high potential to avoid defects, but it needs further investigation into 

porosity, lack of fusion and/or delamination, mechanical properties, residual stresses, etc. in order 

to fully understand this technique compared with line scanning.  
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Temperature readings can be collected using the embedded sensor for in-process 

monitoring of the process employed to embed the sensor. As a result, the monitored temperatures 

are significantly lower than the melting temperature of 304L stainless steel, which is around 1450 

°C. This is because the volume of melt pool is small using the scanning strategy of dense spot 

welding, allowing the part not to be heated entirely. Moreover, any risk of heat accumulation-

related defects (keyholing, Marangoni effect, and many others) is mitigated. Nevertheless, when 

positioning the sensors within the designated design geometry, there exist clearance gaps of 0.2 

[mm] on each side. These gaps lead to reduced conductivity between the sensor and the embedding

material (stainless steel), potentially leading to decreased accuracy in temperature readings. The

conduction rate between the sensor and the metal part can be increased by filling the gaps with

high-thermal-conductive adhesives.

Conclusions 

This study investigates the embedding of two different types of temperature sensors using 

laser-foil-printing (LFP) additive manufacturing. The first sensor is a resistance temperature 

detector (RTD), and the second is a K-type thermocouple probe. The process parameters in line 

scanning are crucial for printing successful parts with challenging geometries (e.g., thin walls) 

with embedding of sensors due to the high laser energy input. Therefore, an alternative scanning 

strategy is introduced in this paper: spot weld scanning. By using this scanning strategy, the 

successful embedding of these two temperature sensors into metal parts are demonstrated with 

thin-walled geometries using the LFP process.  
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