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substrates fabricated using fused deposition modelling 
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Abstract 

This study investigates the impact of the surface quality of 3D printed non-planar surfaces on the 

conductivity of an inkjet-printed silver nano-particle ink, in the context of fused deposition modelling; 

a type of additive manufacture (3D printing). It was observed that the as-printed surface finish resulted 

in continuity breaks together with reduced and overall poor batch consistency of conductivity (SDbatch 

= 16.51 mS/mm). Therefore, to pave the way for high density, consistent and repeatable electronic 

tracks, the surface finish of as-printed 3D printed parts must be improved. To mitigate this, several 

finishing methods were investigated, CNC machining, non-planar nozzle ironing and the technique of 

burnishing with a custom-made heated tool. Of all the investigated finishing techniques, burnishing was 

identified as the most effective solution that ensured a high and consistent conductivity across the 

surface for subsequently printed nanoparticle tracks (SDbatch = 2.88 mS/mm). The combination of non-

planar burnishing and non-planar printed electronics is key to unlocking the possibility of completely 

embedded 3D electronics and sensors in 3D printed objects and components. 

Keywords: inkjet printing; fused deposition modelling; embedded electronics; hybrid additive 

manufacture 
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1 Introduction 

Technology is driving towards the next industrial revolution or “Industry 4.0” [1-2]; more customised 

solutions, Internet of Things (IoT) devices [3] and increased data capture. An increase in demand for 



customised solutions with integrated electronics will benefit from automated multi-process 

manufacturing methods for low-volume bespoke production. Additive Manufacturing (AM) methods 

lend themselves to mass customisation as a direct digital manufacturing technology; with the layer-by-

layer build method allowing for truly embedded electronics as part of a multi-process hybrid Additive 

Manufacture (hAM) fabrication method, through combining additive, subtractive and InkJet (IJ) 

deposition methods. 

IJ printing is a Printed Electronics (PE) technology which uses a nozzle (or multiple nozzles) to deposit 

material onto a substrate (typically an ink). The process allows for high resolution, digitally 

manufactured complex patterns, whilst utilising non-contact deposition resulting in low 

contamination/distortion of the printed pattern [4]. The flexibility of the IJ process has led to a wide 

array of applications including: flexible electronics [4-6], paper-based electronics [7-8] and embedded 

electronics [9, 10]. 

Fused Deposition Modelling (FDM) is an AM process whereby an object is created by extruding a 

molten thermoplastic layer-by-layer until a 3-dimensional (3D) part is produced [11]. Presenting a 

number of advantages: it is a fully digital process, complexity is less expensive, it can incorporate 

multiple materials [10,12], multiple processes and enable embedded electronic functionality [10, 13-

16]. FDM is a promising candidate for use in a hAM process, enabling mid-build printing of electronics 

using IJ technology and relatively low thermal stress on embedded tracks/components. However, a key 

challenge with the FDM process is the achievable surface finish, which requires mitigation in order to 

realise its full potential. 

The surface quality of an FDM component can be split into two categories: intra layer roughness and 

inter layer roughness. Intra layer roughness is the roughness across a single layer, caused by the stepover 

of the nozzle to “fill” a layer (Figure 1a). Inter layer roughness is more commonly referred to as the 

“staircase effect”; a result of the discretisation of the object for building layer-by-layer (Figure 1b). 



 

(a) 

 

(b) 

Figure 1. FDM surface roughness categories (a) top-down view of intra layer roughness caused by the single layer “filling” process 
and (b) side view of inter layer roughness “staircase effect” caused by the layer-by-layer manufacture of an object 

 

Though work has been carried out to demonstrate integration of PE in AM methods, much of the 

reported work focuses on single layer, planar printing [17] or printing onto surfaces manufactured using 

higher resolution methods which require manual post-processing such as StereoLithography Apparatus 

(SLA) [18] or powder bed [10]. Processes such as surface “ironing” using heat and pressure have been 

developed, whereby the 3D printer’s nozzle is dragged over the surface to smooth the previous layer. 

Similarly, a “thermo-plow” method has been reported, where a cavity to laydown conductive inks is 

created by heating a needle point tool and stepping it into the surface to create channels for laying down 

conductive paths [19]. Another planar approach was to use IJ to produce a polyimide layer to separate 

the as-printed component surface and the conductive ink [20]. All of these processes have been shown 

to work in a planar, single layer fashion. Laser irradiation has been demonstrated as an effective method 

of localised smoothing for PE [17]. In order to enable high-density electronics, localised smoothing for 

individual conductive tracks would not always be ideal; the resolution of the conductive pattern is 

limited by the surface smoothing tool. Therefore, it is necessary to develop methods for finishing an 

entire surface, avoiding limiting the resolution of PE methods as with localised finishing methods.  

Whilst methods exist to improve the surface quality of an entire component, they are not suitable for 

integration into a hAM process. Solvent vapour smoothing and using a tumbling mill have been 

demonstrated to be effective methods for enhancing surface finish [21-25], however these methods 



would likely require manual intervention, removal from the build chamber, and subsequent realignment 

– disallowing the development of true integration of printed electronics into real-world 3D objects as 

part of a single automated end-to-end process.  

The limitations of the achieved out of plane surface finish in FDM manufactured components using 

automated methods needs to be improved, allowing embedded circuits and sensors that extend beyond 

a single layer. Therefore, fully automated, robust and cost effective processes which lend themselves to 

the hAM process must be investigated. 

When printing conductive tracks onto a non-planar substate using IJ methods, the surface roughness 

and step-like changes in the surface caused by intra and inter layer changes potentially causes reduced 

conductivity and continuity breaks which are relatively difficult to predict as these features are defined 

in the “slicing” process to generate the toolpaths for printing; restricting the capability to “create high-

density and high-performance electronics” [18].  

It is hypothesised by the authors that in order to achieve consistent conductivity of inkjet deposited 

conductive tracks onto non-planar FDM surfaces using 3+ axis motion, it is imperative to reduce both 

categories of surface roughness; avoiding intra and inter layer continuity breaks and low conductivity 

due to changes in cross sectional area of the conductive tracks caused by ink spreading after deposition; 

dictated by poor surface quality [17]. This study evaluates a few suitable finishing methods which could 

be incorporated consistently during a hAM process for embedding PE functionality in an FDM 

component. 

Several strategies were used to improve the surface quality of an FDM test coupon with varying 

contours (Figure 1), using a 5-axis hAM system (Neotech PJ-15X): subtractive milling, FDM nozzle 

ironing and burnishing with a custom-made burnishing tool, all of which could be realistically utilised 

in an automated hAM process using 3+ axis motion. The impact of each method was assessed by 

analysing the achieved conductivity over the non-planar surface over each “finger” along a serpentine 

structure printed on the surface, failure modes and IJ printed track profile consistency. 

  



2 Method 

2.1 Test coupon manufacture 

Test coupons were produced from a single feedstock in batches of three for each finishing method 

(Figure 2, Step 1): subtractive milling (Figure 2, Step 2a), FDM nozzle ironing (Figure 2, Step 2b), 

burnishing (Figure 2, Step 2c) and no finishing step. Subsequently, a conductive silver nano-particle 

(AgNP) ink (Henkel) was deposited onto the surface of each coupon, with identical test patterns (Figure 

2, Step 3); achieved by using a piezo-actuated IJ head (Nordson PICO Pμlse). The process workflow is 

visualised in Figure 2. All processes were completed on a single hAM system. The machine is calibrated 

once for each process outlined. The rotatory arm is levelled using a dial gauge and a Work Zero Point 

(WZP) is defined during the tool path generation in Motion3D (Neotech). All tools used are then aligned 

to the WZP using a microscope to ensure correct calibration. The calibration for each tool was not 

changed intra or inter batch. 

 
Figure 2 The hAM process for producing test coupons workflow using Step 1) FDM to produce a base coupon which is then put through, 

Step 2) a finishing process:no finish, a) subtractive milling, b) FDM nozzle ironing or c) burnishing using a custom burnishing tool to 

improve the surface roughness and Step 3) ink jet printing is used to lay down a test pattern to assess the finished surface’s impact on the 
conductivity of the printed tracks 

 

All test coupons were produced with an identical FDM process using a 250 μm diameter nozzle and a 

single spool of 3D FilaPrint PolyLactic Acid (PLA) for the base coupon to be finished shown in Figure 

3a (full set of parameters shown in Table 1). After the base object had been manufactured, each set of 

coupons had a finishing process applied: subtractive milling (Figure 3b), FDM nozzle ironing (Figure 

3c) or burnishing (Figure 3d). 



Printing Settings 

Coupon 

Material 

Nozzle Size 

(µm) 

Nozzle 

Material 

Nozzle 
Temperature 

(°C) 

Bed 
Temperature 

(°C) 

Layer 
Height 

(µm) 

Extrusion 
Width 

(µm) 

Printing 
Speed 

(mm/min) 

Vol. Flow 
Rate 

(mm3/min) 

3DFilaPrint 

PLA 
250 

Hardened 
Steel 

(E3D) 

215 0 200 260 
2400 

(1200 for 

walls) 

124.8 

Motion3D (Neotech) Slicer Settings 

Number of 

Walls 

Top/Bottom 

Layers 
Infill 

Filling 

Angle (°) 

Skirt 

Outlines/Offset 
Brim/Raft 

Retraction 
Distance 

(mm) 

Retraction 
Speed 

(mm/min) 

Extrusion 

Multiplier 

2 10/9 
N/A 

(Solid) 
45 1 / 1 mm N/A 0.7 1000 1 

Table 1. Printing and slicing parameters used in Motion3D (Neotech) software used to generate tool paths 

 

  

(a) (b) 

  

(c) (d) 
Figure 3. Manufactured test coupons prior to IJ deposition: (a) a coupon as printed with no finish applied, (b) a coupon with machined 

surface finish, (c) a coupon with nozzle ironed surface finish and (d) a coupon with a burnished surface finish 

 

2.1.1 Finishing by subtractive milling 

A 2 mm diameter ball nose endmill was used to finish the top surface of the test coupons using a single 

5-axis contour toolpath with air cooling with a total stepdown of 0.3 mm (1.5 x layer height) to ensure 

material removal below the “staircase effect”. The finished coupon is shown in Figure 3b. 

The machining process successfully smoothed the overall surface, but areas where material was 

delaminated from the previous layer and torn off the surface were observed. The final machining 

parameters used to generate the toolpath are shown in Table 2. 



 

Cutting Tool 
Feed Rate 

(mm/min) 

Spinde Speed 

(RPM) 

Stepover 

(µm) 

Stepdown 

(µm) 

Ø2 mm Ball Nose 

End Mill 
(Hufschmied 

HC452) 

1200 10000 100 300 

Table 2. Machining parameters in Motion3D (Neotech) software used to generate 

tool paths 

 

2.1.2 Finishing by FDM nozzle ironing 

FDM nozzle ironing is the process of stepping the printer nozzle back into the top surface of an FDM 

part, and running the heated nozzle over the surface whilst extruding at a volumetric flow rate 10% of 

that used in the original FDM process, in order to smooth the surface. This process is typically only 

done using a planar toolpath on a single layer, but here was attempted with 5-axis motion. Figure 3c 

shows a non-planar surface that has been ironed by stepping over the surface in 5 axis motion; allowing 

the nozzle to be kept normal to the surface, ensuring a consistent contact angle and extrusion across the 

entire face. The final parameters used to generate the toolpath for nozzle ironing are shown in Table 3. 

Nozzle Size 
(µm) 

Nozzle 

Material 

Nozzle 

Temperature 

(°C) 

Feed Rate 
(mm/min) 

Stepover 
(µm) 

Stepdown 
(µm) 

Extrusion 
Multiplier 

250 

Hardened 

Steel 

(E3D) 

215 1200 250 100 0.1 

 Table 3. Nozzle ironing parameters in Motion3D (Neotech) software used to generate tool paths 

 

2.1.3 Finishing by burnishing 

In order to carry out the burnishing finishing process, a custom burnishing tool was developed using an 

E3D-Online V6 HotEnd with a 16 mm diameter stainless steel sphere instead of a nozzle (Figure 4). 

The sphere is rigidly fastened (preventing rotation about its centre) into a “heater block” which contains 

a heater cartridge and a temperature sensor; allowing for the sphere to be heated whilst controlling the 

desired temperature. The tool was heated to 215 ºC, the bottom of the sphere was moved to 700 μm 

below the top surface of the FDM coupons and ran across the surface at a speed of 500 mm/min, 

stepping over in 100 μm increments in 3-axis motion (summarised in Table 4). By running the heated, 



highly polished surface over the FDM top surface a high gloss finish across the entire surface was 

achieved (Figure 3d), with some material build-up at the edges of the part where the tool path finishes. 

 
Figure 4. Custom burnishing tool used to smooth the FDM coupons by heating and running the polished threaded sphere over the substrate 

surface 

 

 

Sphere Size 
(mm) 

Sphere 

Material 

Nozzle 

Temperature 

(°C) 

Feed Rate 
(mm/min) 

Stepover 
(µm) 

Stepdown 
(µm) 

16 

Polished 

Threaded 

Sphere 

(304 

Stainless 

Steel) 

215 500 100 700 

Table 4. Burnishing parameters in Motion3D (Neotech) software used to generate tool paths 
 

 

2.2 3-axis Ink Jet printing 

This study is using a piezo-driven IJ head (Nordson EFD PICO Pμlse) which uses the impact of a rod 

against a 50 µm ceramic nozzle at a set frequency. When lifted, the rod allows material flow into the 

nozzle seat. The rod is then forced down onto the seat, ejecting a droplet on impact – allowing for Drop-

On-Demand (DOD) actuation and a high stand-off distance from the substrate surface (3 - 5 mm); ideal 

for printing on non-planar surfaces, enabling complex circuit and sensor geometries to be printed onto 

intricate contours, typically produced by FDM. A summary of parameters used in the IJ process is 

shown in Table 5. 

  



Motion3D (Neotech) Settings 

Nozzle 
Size 

(µm) 

Ink 
Stand-off 

(mm) 

Print 
Speed 

(mm/s) 

      

50 
Henkel 

WIK20487-

36A 

4 15       

PICO Toμch (Nordson) Controller Settings 

Back 
pressure 

(bar) 

Temperature 

(°C) 

Close 
Volts 

(V) 

Stroke 

(%) 

Open 

(ms) 

Close 

(ms) 
Mode 

Pulse 

(ms) 

Cycle 

(ms) 

Frequency 

(Hz) 

Drop 
spacing 

(mm) 

0.6 46 107 78 0.25 0.2 Continuous 0.43 12 83.3 0.18 

Table 5. InkJet parameters in Motion3D (Neotech) software used to generate tool paths and onboard the PICO Toμch (Nordson) 
controller 

 

The piezo actuated IJ head deposited a conductive AgNP ink in a single layer serpentine test pattern 

(Figure 5) using 3-axis motion at a standoff of 4 mm from the finished part surface. The test pattern 

was chosen to test the impact of the surface finishing method on the conductivity of each “finger” across 

the peak in the centre of the test coupon – to assess the consistency of conductivity over different surface 

contours. 

  
(a) (b) 

  
(c) (d) 

Figure 5. IJ test pattern printed onto test coupons: (a) a coupon as printed with no finish applied, (b) a coupon with machined surface 

finish, (c) a coupon with nozzle ironed surface finish and (d) a coupon with a burnished surface finish 

 



3 Results and Discussion 

The resistance across each Finger Length (FL, Figure 6) of the printed serpentine on each finished 

surface (batch of 3) was recorded using a two point probe measurement on each side of the FL using a 

digital multimeter (Keithley 2110-240). The length of each finger was then used to calculate the 

conductivity (mS/mm) across the FL. The finger count direction is defined in Figure 6. Low 

conductivity or continuity breaks were identified from conductivity measurements and subsequently 

the surface was inspected using microscopy to ascertain and categorise the failure mode. 

 
Figure 6. A top-down view of the serpentine test pattern, displaying counting direction from finger 1 to 29 

 

3.1 Surface finish impact on conductivity 

Figure 7 shows the achieved conductivity across each IJ printed finger for an underlying: unfinished 

surface (Figure 7a), machine finished surface (Figure 7b), nozzle ironed finish (Figure 7c) and a 

burnished finish (Figure 7d). If a continuity break was observed or an outlier as a result of an IJ printing 

defect (i.e. short circuit), the data point was omitted from the graph and the failure mode was categorised 

as in Table 7 (3.2) for that finger. 

The batch of unfinished surfaces (Figure 7a) showed relatively high variation between each finger 

(SDsample) and each sample; showing the highest batch standard deviation (SDbatch) of 16.51 mS/mm 

(Table 2) across all the finishing methods.  The machined (Figure 7b) and ironed (Figure 7c) surfaces 

showed improvement in the average batch conductivity of 12.5% and 71.8% respectively, though still 

had higher batch standard deviations (SDbatch) of 9.31 mS/mm and 5.30 mS/mm respectively. The 

machined surface also yielded a high number of continuity breaks (Table 6). Of all the surface finishing 



processes, burnishing (Figure 7d) yielded the most promising samples, improving average batch 

conductivity further by 95.9%, with a low batch standard deviation (SDbatch) of 2.88 mS/mm (Table 6) 

and the lowest number of continuity breaks. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Graphs showing the conductivity (mS/mm) across each finger of the IJ printed test pattern for (a) a coupon as printed with no 

finish applied, (b) a coupon with machined surface finish, (c) a coupon with nozzle ironed surface finish and (d) a coupon with a burnished 
surface finish 

 

  



Finish Coupon 

Single sample 
Standard 

Deviation, 

SDsample 

(mS/mm) 

Batch 
 Standard 

Deviation, 

SDbatch 

(mS/mm) 

Number of 

continuity 

breaks 

No Finish 

A 15.75 

16.51 

2 

B 17.74 1 

C 16.32 7 

Machined 

A 7.61 

9.31 

2 

B 13.41 5 

C 4.05 3 

Ironed 

A 4.26 

5.30 

1 

B 4.43 1 

C 6.73 1 

Burnished 

A 2.95 

2.88 

1 

B 2.61 0 

C 2.88 0 

Table 6. Standard deviations of tested conductivities for different surface finishes and number of continuity breaks observed for each coupon 

Overall the burnished surface demonstrated the highest consistency and least number of failures in the 

resultant IJ printed tracks. In order to understand the context of the continuity breaks, the surface was 

inspected using microscopy and White Light Interferometry (WLI). 

3.2 Surface inspection 

The continuity breaks can be categorised by failure mode: intra layer, inter layer, finish defect and IJ 

printing continuity breaks. Figure 8 shows examples of inter layer (Figure 8ab) and intra layer (Figure 

8c) continuity breaks.  

 

 

  
(a) (b) 



  
(c) (d) 

Figure 8. Images showing different categories of failure modes including: (a) inter layer failure on the test coupon with no finish applied 

caused by the “staircase effect”, (b) inter layer failure on the test coupon with a machine finished surface, (c) intra layer failure on the test 
coupon with no finish applied (the conductive ink sinks between extrusion lines) and (d) a finish defect on the nozzle ironed sample 

resulting from the IJ printed track running perpendicular to the ironing direction causing 2 continuity breaks 
 

Intra layer continuity breaks occur because of the “filling process” of a single layer, whereby parallel 

lines of thermoplastic are deposited across the surface, resulting in peaks and troughs running 

perpendicular to the filling direction. The troughs can be small voids which allow ink to fall through to 

the previous layer (Figure 8c). Nozzle ironing was effective in filling these voids, however Figure 8d 

shows that performing an IJ printing operation in the perpendicular direction to the smoothing lines 

created by a non-planar nozzle ironing procedure can result in continuity breaks in the troughs generated 

(finish defect failure). Burnishing sealed the intra layer surfaces well, by re-melting the thermoplastic 

and smoothing it to the contour of the tool path. 

Inter layer continuity breaks occur due to the step changes between each layer – resulting in a 

discontinuous surface. Figure 8a shows an unfinished coupon surface. The void in the printed track 

occurs between two separate layers, and it is observed that there is a fluctuation in track width between 

layers – this causes less consistent conductivity (Figure 8a) as these defects are influenced by the local 

surface geometry. Figure 8b was a combination of an intra and inter layer break on a machined surface. 

As previously discussed, FDM manufactured parts exhibit anisotropic mechanical properties, therefore 

the machining process can tear material off the previous layer, resulting in a non-uniform finish; 

exposing the previous layer, resulting in the printed AgNP ink falling into a void (Figure 8b). The 

burnished test coupons smoothed both the inter and intra layers well; creating a new surface by melting 

the material on the top surface to a smooth contour executed in 3-axis motion. 



Table 7 is a breakdown on the failure modes resulting in continuity breaks, separated into 4 categories: 

intra layer, inter layer, finish defects and IJ failure. IJ failures arise due to a void or short circuit left by 

the printing process itself, because of this it is excluded from the total failures column in Table 7 as it 

is not a product of the substrate surface quality. Overall the burnished samples had the lowest failure 

rate, with the only continuity break a result of the IJ printing process leaving a void. The nozzle ironed 

surface was effective, but it was limited to the direction parallel to the tool path, tracks running out of 

this direction failed in every coupon in the batch (Figure 8d). The machine finished test coupons were 

the most inconsistent out of all the finishing methods presented, but did improve the conductivity over 

the unfinished samples. 

Finish Intra Layer 
Failure 

Inter Layer 
Failure 

Finish Defect 
Failure 

InkJet Failure Total Failures 
(excluding IJ) 

No Finish 4 3 0 0 7 

Machined 2 4 0 4 6 

Ironed 0 0 3 2 3 

Burnished 0 0 0 1 0 

Table 7. Categorisation of failure modes for continuity breaks to assess consistency as a result of surface finish 

In order to quantify and visualise the improvement between the surface quality between the coupons 

with no finish applied and the most consistent finishing method, burnishing, WLI was used to obtain 

surface contours of the test coupons. Figure 9 shows the result of eliminating interlayer changes (Figure 

9a) by smoothing using a burnishing tool (Figure 9b). 

 
 

(a) (b) 

Figure 9. White light interferometry images depicting the improvement in surface quality and printed AgNP track cross 

section between (a) an unfinished test sample and (b) a burnished test sample 

 

The burnishing process results in less variation in the printed AgNP ink track widths, as a result 

removing the discretised layer changes and improving the intra layer surface of the FDM coupon, 

producing a more homogenous surface finish. Table 8 summarises sample measurements of track 

widths taken across three as-printed coupons and three coupons with a burnish finish applied. It was 

observed that the as-printed coupons had a lower average track width when compared to the burnished 



samples; caused by the AgNP ink falling through layers (Figure 8c) and over the edge of layers (Figure 

8a), with the rough profile of the surface providing “channels” to prevent the wettability of the substrate 

allowing the formation of a cylindrical profile (Figure 9b) dictated by surface tension. Furthermore, the 

standard deviation in the AgNP ink line widths (SDwidth) was significantly higher with no finish applied, 

which results in localised changes in conductivity and unpredictability of final electrical properties; 

overall the burnished finish provides improvement in these areas. 

Finish Coupon 
Average AgNP 

Track Width (μm) 

AgNP Track Width 

Standard Deviation, 

SDwidth (μm) 

No Finish 

A 289.6 39.32 

B 294.3 50.82 

C 324.4 73.67 

Burnished 

A 322.8 8.61 

B 314.0 19.31 

C 308.8 11.51 

Table 8. Summary of AgNP silver track width measurements captured using WLI over a 0.94 mm length using 10 sampling 

points for three coupons with no finish applied and three coupons with a surface finished via burnishing 

It has been shown that the unfinished FDM surfaces have a significant impact on the achieved 

conductivity of IJ printed conductive ink out of plane, resulting reduced conductivity and in some cases 

continuity breaks – caused by voids in a single layer or the “staircase effect” between layers. Therefore,  

to ensure predictable and high quality deposition of conductive inks using 3+ axis motion onto non-

planar FDM surfaces using IJ methods, the surface quality must be improved on as-printed FDM 

components. In order to enable a high level of process automation, these finishing methods must be 

deployable midway through the building process, with requiring human interference; all reviewed 

methods meet this criteria. 

Figure 7 shows a marginal improvement in overall conductivity of 12.5% between the as-printed 

coupon (Figure 7a) and finishing by subtractive milling (Figure 7b), with the standard deviation of 

conductivity of successfully printed lines (with no failures as categorised by Table 7) enhanced from 

16.51 mS/mm to 9.31 mS/mm for the as-printed (no finishing process) and machine finished coupons 

respectively. However, continuity breaks were still common (from 7 continuity breaks on as-printed 

coupons, to 6 for the machine finished coupons); as a result from the machining process tearing 

material from the surface creating voids (Figure 7b). It was found that nozzle ironing (Figure 7c) and 

burnishing (Figure 7d) significantly improved: the conductivity of the printed tracks by 71.8% and 



95.9% respectively, the consistency of conductivity across the batch of coupons (5.30 mS/mm and 

2.88 mS/mm standard deviations, respectively) and resulted in fewer continuity breaks as a result of 

the improvement of surface finish (3 and 0 continuity breaks, respectively). As the frontrunner in this 

study, the burnished coupons underwent WLI analysis comparing the consistency of IJ printed track 

width with the as-printed coupons (presented in Table 8), demonstrating a clear advancement in 

consistency over the as-printed coupons. The burnishing finishing method was found to be the most 

valuable option of the methods considered in this study, so was taken forward as a promising 

candidate for incorporating into a hAM process. 

4 Conclusions 

The results shown represent a foundation study to highlight the shortcomings caused by poor surface 

quality when using FDM in parallel with an IJ process in a hAM workflow in order to embed sensor 

architecture. Several potential solutions were investigated on a representative FDM material to 

alleviate the issues identified. The presented study is intended to provide an initial reference point for 

further work developing in-process, automated finishing methods across multiple materials to enable 

the development of hAM components using FDM and IJ technology. 

In order to validate the combination of the FDM process with IJ processes as part of a “click-to-

manufacture” solution for directly embedded PE for direct sensor integration, consistent and high 

quality surface finishes must be achievable to ensure predictable and useful final IJ material 

properties. The layer-by-layer build process utilised in the FDM process results in anisotropic 

properties with regards to mechanical strength and surface finish, which also changes with print 

orientation on the build plate and between features on the component. Therefore, this study 

investigated a number of methods to implement a programmable, automated finishing step to reduce 

surface variability and enhance surface finish. Burnishing was identified as the most viable candidate, 

enabling improved conductive properties from the unfinished FDM surface, highly repeatable 

conductivity of the IJ printed ink and more consistent track widths. By incorporating burnishing in a 

hAM process for PE applications, a fully automated process for directly embedding IJ printed inks 



within FDM components can be realised; allowing for automated placement of sensor infrastructures 

in a fully digital process. 
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