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Abstract
In this paper the focus is on a new alternative production process for a printed circuit board (PCB). Most microproducts have electronic functions that are integrated on a PCB. Additionally these products need to be fitted in a housing. It’s investigated whether the PCB can be integrated with the housing in a cost effective way. The process is designed in such way that it can be implemented on an open manufacturing concept for micro fabrication, micro assembly and micro packaging; the concept of ‘Equiplet Manufacturing’.

If it appears possible to combine the housing material and the functionality of a PCB, the traditional PCB creation process can be skipped which is a major step towards an Environmental Friendlier Production Process (EFPP). 

The investigations for creation of a pattern in the encapsulating plastic by using ultrasonic embossing are described. 

As a result of this integration, a production process has been developed that is flexible, fast, low cost, according to EFPP and may be categorized as ‘Agile’.

Ultrasonic embossing was realized with an industry standard ultrasonic welder. The moulds were created by micro milling the electronic patterns into a brass substrate; this is a known process, which enables sufficient flexibility. In state of the art systems, the hot embossing process requires the total machine to be in a vacuum environment. In this concept however, a local vacuum is created only around the mould in the ultrasonic welder. With the plastic substrate on top of the mould, a ‘vacuum chamber’ is created. By heating the substrate with the welder, an embossed replica of the pattern could successfully be created.  The embossing process was tested with several materials; PET(G), PS & PP. The embossing parameters, like ultrasonic power, pressure (force) and the process-time have been scanned and tuned.

The results of the ultrasonic embossing process were promising from an industrial point of view; no enclosures of air bubbles were seen and the products replicated in a uniform way. Some replicated parts were ‘raked’ with solder paste and conductive adhesive to show the quality of the imprints. The electromechanical parameters of the raked conductors and the dimensions of the electronic paths in the pattern were decisive for the quality and the electronic functionality.

The investigations on the conducting paste have not been completed yet and are subject to continued research. The main goal of creating functional electronic circuits in a minimal amount of process steps, by placing the components on the created conducting lines before curing, still seams realistic.
1 Introduction
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Developing autonomous micro sensor units e.g. sensors for Structural Health Monitoring, or sensors for Body Area Networks is a main research activity at the HU University of Applied Science Utrecht. Several aspects of this process were investigated. Reconfigurable Micro Factories, in literature referred to as ‘Equiplets’ as shown in figure 4, are developed as a flexible and low cost enabling manufacturing concept for fabrication, assembly and packaging [1-3]. The main topic of this paper is the realization of a packaging concept for wireless sensors that combines the functionality of a PCB and a protective housing for outdoor use and harsh environments.

Equipment costs for products in niche markets are traditionally high because a relatively small number of products have to carry the investments of expensive equipment [1]. Due to this problem, the investments should be kept as low as possible. Secondly the re-use of equipment for different products, or families of products, can increase the total number of products over which the investments are depreciated. This decreases the payback time for investments but needs an agile nature of the manufacturing concept. This is exactly what is envisioned with the Equiplet concept; a micro-fabrication concept that consists of a number of small, cost effective and re-configurable production units that are able to realize a variety of products or parts and assemble them accordingly. The flexible Equiplets meet the demand for re-configurable production better than traditional manufacturing systems, which results in an agile production concept [2].

Though the Equiplet concept is able to reduce the cost of production in low and mid volume production [3], the requirements of an EFPP are not yet met. This will only be realized if lean and well-thought processes, using the right materials, are implemented.

The integration of PCB production and housing, or a part of it, delivers an opportunity for EFPP production. The less environmentally friendly production process of PCB-making could thus be skipped, realizing a major step in EFPP production. In such way, production could be environmentally friendly, agile and low cost.

2 Redesign for production

To realize a combination of the functionality of a PCB, see figure 5a, and the housing of a microsensor an electrical pattern has to be created in or on its housing. Microsensors and similarly RFID’s, mostly have simple, low power electrical circuits, which can be realized in a single layer electrical pattern. Crossing paths are made possible by using zero Ohm ‘bridges’, see figure 5b. This makes it possible to search for simple and cheap production techniques.
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After reducing the layout to a single layer a suitable production technology can be selected. Possible solutions are printing on or imprinting in the housing material.

Result of the choice from the perspective of EFPP was the use of Carbon conductive paste. However, to realize similar conductivity as the copper lines on a PCB one has to take into account that these pastes have significant lower conductive properties [12]. Because of the SMD-connection pad dimensions, path widths are often limited. Only by using thick conductive lines, an acceptable electrical conductivity can be reached in the same 2D pattern.
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Dispensing of electrical interconnections is a very agile process. Creating thickness however is not possible because of the sagging of the dispensed conductive ink. Closely spaced tracks will flow out and connect with others. 

The remaining possibility to realize the PCB functionality will then be to apply a 2D ‘imprinting technique’, like embossing. In these cases agility will be of great concern. The dimensions of the ‘imprinted lines’ will be determined by the conductive properties of the used conductive paste. In other words the cross-cut (depth x width) depends on the conductive properties of the conductive paste. 

There are a number of ways to create an imprint (Emboss). In table 1, a Quality Function Deployment (QFD) is presented where several imprinting techniques are compared by cost, environmental impact and several agility parameters. 
	 QFD
	Ultrasonic

embossing
	Hot

embossing
	Laser

engraving
	Injection

Moulding
	Milling
	Weight

Factor

	Quality
	8
	10
	8
	8
	8
	3

	Changover effort
	6
	6
	10
	2
	8
	3

	Simplicity (process)
	10
	7
	7
	3
	5
	3

	Cost to volume 

(100-10 000)
	9
	5
	6
	3
	2
	3

	Cycle time
	10
	3
	6
	6
	2
	2

	Environmental impact
	9
	7
	7
	8
	8
	2

	End score
	137
	104
	123
	76
	89
	Table 1
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 Though this method of comparison may be considered arbitrary two clear winners appear favorite: ‘Laser Ablation’ and ‘Ultrasonic Embossing’.

From these two options Laser Ablation gives good results [4] but is an expensive technique. Ultrasonic embossing can be realized by an ultrasonic welder, see figure 6, which can be performed using a relatively simple and cost effective machine.
3 Test setup

Ultrasonic embossing is a relatively new process [5..8] that is derived from the ultrasonic welding process. Pressure (force) and ultrasonic vibrations are used to create friction energy in a thermoplastic material, see figure 7. The ultrasonic vibrations locally heat the material only there were the material is compressed by the sonotrode and the mould; this causes the thermoplastic material to melt. The advantages are thus quick heating (only the plastic) and because of the low energy content also quick cooling. The machine uses a minimal amount of energy and the process has no waste. 
Ultrasonic embossing combines the functions of adding energy and putting pressure on the product and therefore is comparable to the basic hot embossing process that combines heat and pressure. The hot embossing process usually uses a total machine vacuum in order to eliminate air enclosures [6] Using a relatively big vacuum chamber adds up to the energy usage and takes up a lot of process time. In order to prevent air enclosures from occurring while ultrasonic embossing, a localized vacuum chamber was created, see figure 7 and 10.

The test setup consists of a standard Rinco MP201 Ultrasonic welder [9] with a Ø50 mm horn. It has a 1500W transducer (vibration generator) and can exert a force up to 3000N.
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The ultrasonic welder was submitted to a quick test using a 2 euro coin, see figure 8a, as a mould (D=26 mm). These tests were promising. A perfect imprint was made even without a vacuum, see figure 8b. 1200N force was necessary to ensure a perfect embossed 2 euro coin. 

The functional mould, for a single layer electrical PCB pattern, was micro milled using a D=0,10 mm flat mill. Due to the sloping of these mills (for strength) and the necessary detailing the path depth was limited to 300µm.
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At forehand a depth of 200µm was chosen. Minute details, thick and thin lines, are given in dense and less dense areas unevenly divided over the surface as can be seen in figure 9.
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The mould area has a diameter of 60 mm. This is 10 mm wider than the sonotrode (embossing) area so that a 2 mm wide rubber vacuum seal could be placed outside of the embossing area resulting in a seal 0,3 mm higher than the upper surfaces of the mould. Between the seal and the embossing area a vacuum hole is created so that the plastic foil on top of the mould formed a volume, which can be made vacuum through the vacuum connection at the back of the mould, schematically shown in figure 7 and in real time in figure 10.
The main parameters of the ultrasonic welder are pressure (force) and added energy. The energy can be adjusted by the parameters time, amplitude and frequency. Secondary parameters are pressure build speed, ultrasonic activation pressure, and cooling time etc.
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 The pressure (force) and added energy parameters have been varied. 

All other parameters have been set constant. e.g. A more than sufficient cooling time. Ultrasonic activation pressure (force) has been set typically 150N lower than the end pressure (force). The sonotrode of Ø 50 mm has a surface area of 1963mm2. The Rinco was used in Energy mode where a limited amount of energy is dissipated and in Time mode where energy is dissipated for a limited amount of time. 

Table 2 depicts the final set of optimized test parameters. 
The maximum machine pressure force of 3000 N wasn’t reached because of available air pressure. 

For the tests 3 materials are used. All were thermoplastic sheet materials with a thickness of 1 mm.

PP

Polypropylene

PS

Polystyrene

PETG
Polyethylene Terephthalate Glycol [13]
4 Test Results

Results of the quick material scan. Three materials, PP, PS and PETG were tested. If possible the process parameters were optimized for each material.
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Polystyrene PS

With the increase of power some degradation of material was noted. Unfortunately this occurred well before a good imprint could be made see figure 11. Mould filling is not homogeneous over the total structure. In less dense areas at the right side of figure 11, the imprint is incomplete. These observations were made for all PS samples. 
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Polypropylene PP
Localized material degradation was noted at random spots when power was increased, see figure 12. Furthermore similar observations as with PS were made. 
Polyethylene Terephthalate Glycol PETG
This quick scan indicated that PETG would lead to results that were superior over the other materials. Therefore this material was selected for more thorough investigations, see figure 13.
4.1 Imprinting

Using PETG a good imprint can be made. Imprinting the whole sonotrode surface however wasn’t possible. This can be seen in figure 13 where the concentric circles, result of the lathing of the sonotrode, were embossed on the opposite side of the electrical patterning. Only parts of the round sonotrode surface are embossed. These concentric circles were impressed in the material on and near the heightened surfaces of the electrical pattern.  The concentric circles show up to where the material, pressed away by the patterning, has flown.
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While increasing pressure and inserted energy the products started to tear and ‘fountains’ of molten PETG started to destroy the imprint. The Ultrasonic embossing process causes thermal expansion combined with pressure. This results in a material outflow which is restricted by the cool outer edges outside of the embossing area, see figure 14.

When a Ø60mm sheet was used the imprints didn’t show these imperfections anymore. The tests also revealed that, in ‘time mode’ (vibrations limited by time) the dissipated energy increases together with pressure (force). At a higher pressure (force) more energy is dissipated into the material per unit time. In ‘energy mode’, which enables a longer process time and inserting more energy, it was found that up from 8kJ good imprints could be made. For the maximum value of 15 kJ no improvement of the imprints were seen. This means that this process has a wide operative range.
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While imprinting, it was seen that the plastic that was made “liquid” can flow away from the electrical patterns that are printed, f.i. see the imprints of PP en PS  resp. figure 11 and 12. At first the material will only flow locally as shown in figure 15. Similar phenomena are observed in standard hot embossing processes [6].

At the end of the embossing process the sharp edges nearby the shapes to imprint are the last volumes that have to be filled. This wasn’t always successful. Under a micro-scope rounding’s are visible as reflections near the edges of the embossed pattern. At first they were explained by entrapped air. The installation of a vacuum however didn’t prevent this. Especially but not exclusively in areas with large “plastic filling” spaces these reflections were further away from the patterning. Most probable related to differences in radii of curvature of the flowing plastic in dense and not dense areas of the PCB pattern.
Some specimens have been raked in order to make imperfections more visible. In figure 16 a raked sample is shown and filling difficulties are pointed out. 
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5 Discussion

The properties of the materials applied in the ultrasonic embossing process strongly influence the process quality. Parameters that are involved are melt viscosity, melt temperature range, glass transition temperature and the heat diffusivity coefficient which is given in table 3.

The heat diffusivity coefficient of the material, a combined entity, is defined by a = λ/(c* ρ) [m^2/s] [10] and indicates the speed of heat transfer into the material. 

By this we can explain the poor PS results, see figure 11. Because of the low heat diffusion of PS, the applied friction energy isn’t absorbed quickly enough into the material and builds up at the material surface. The surface material will overheat and degrade well before moulding takes place.

Incomplete filling in some edges is foremost explained by insufficient pressure (force). The sonotrode imprint area shows that material is mostly melted around the most densely elevated mould area, see figure 13. This means that, in order to fill the less dense areas, material has to travel through narrow flow paths. This results in pressure differences in the melted material flow along the product area. The ultrasonic pressure (force) being an important factor for the ultrasonic energy transfer toward the thermoplastic material will enlarge this effect. An evenly distributed ultrasonic energy transmission would be ideal. 

This mechanism leads to better understanding of the Ultrasonic embossing process for an inhomogeneous patterned mould. The following phases are run through:

1/ Flow initiation at the start of ultrasonic vibrations:

The sheet is pressed by the sonotrode onto the structure of the mould. The ultrasonic vibration energy is converted into friction heat at the surfaces of the sheet material that touches the mould. The densely patterned area of the sheet plastic will build up more energy than the sparsely patterned areas due to the fact that more contact area leads to an increased amount of friction.
2/ The stadium where the structure is locally filled
 towards total filling of the structure:

At some point the dense patterning area of the mould will be totally filled up with molten thermoplastic material while in the sparsely patterned areas some cavities aren’t filled up yet. This is shown in figure 17. Plastic near the dense patterning areas will heat up more than the material near the sparsely patterned areas, resulting in a temperature difference. 
3/ Completion of the filling process:

To fill the mould completely, the sonotrode has to press molten material away from the densely patterned areas of the mould. By doing this, the sonotrode will continue moving downwards and the filling process will spread to the less dense parts of the mould. The narrow gaps near the contact surfaces of mould and horn, combined with the high viscosity of the PETG melt [11] cause the need for a lot of pressure (force) to squeeze the material away. This causes the less dense parts of the mould to be filled last. They will be moulded at a lower pressure. The applied test setup was unable to provide enough pressure (force) to perfectly fill the less dense parts of the mould. The result is that some imperfections remain.

Conclusions and Recommendations

The limits of this process as described here have not been reached in this survey. However, the achieved results are promising. Embossing small electrical PCB patterns with a cost effective ultrasonic welder is possible. To make a perfect imprint using the current mould, the moulding pressure (force) should be increased further. The applied ultrasonic welder was limited in this range. The maximum generated energy of 15kJ was only just sufficient. The ultrasonic embossing process is fairly easy to ramp up. The general process is simple. The results shown here were reproducible.

Out of three tested materials, PETG was the only one to perform well. For PS the heat diffusivity coefficient was too low. The type of PP used was unsuited for any hot forming process because of non-uniform material melt properties. It is expected other thermoplastic materials, with a better heat diffusion coefficient, should provide better results. 

The moulding of the plastic material must be homogeneous over the pattern area. Otherwise there will be not enough material to fill the openings in the pattern on less dense distributed places. If the mould patterning is unevenly distributed the less dense areas will be filled last at a lower pressure and temperature. These areas will have the lowest imprint quality. When the filling is complete and the ultrasonic vibrations continue, more material will be molten and pressed out of the whole patterned area. Dense mould areas will overheat and degrade first if more ultrasonic vibrations are applied.

The electrical pattern of the mould can be designed so that the heightened area is evenly divided over the surface. This would provide for a more localized material flow and a more evenly distributed energy transmission, resulting in a better and more consistent imprint. Depending on the necessary connections paths can be made wider and even deeper. Also not-electrical functional islands can be added in order to fill-up an area. 

The process as described in this paper meets the requirements of being quick, agile, cheap and relatively environmentally friendly while making and disposing of the product. 
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Ultrasonic Welder





Figure 9: The PCB pattern milled in brass.





























Figure 16:Specimen filled with EPO-TEK filling difficulties and Material	traveling outward
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Figure 17 Schematic representation of filling effects in a mould with an uneven pattern distribution
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Density 


(ρ)  


[x10^6 g/m^3]�
Heat  diffusivity


coeff.  λ/(c*ρ) 


[x10^6 m^2/s]�
�
PS�
0,08�
1,3�
1,03�
0,06�
�
PETG�
0,2�
1,1�
1,27�
0,14�
�
PP�
0,22 – 0,26�
1,3-1,7�
0,90�
0,18�
�
		          Table 3: Heat diffusivity coefficient





Figure 15: sharp edges are difficult to fill up
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Amplitude


[um]�
�
1a�
8,7�
5�
1350�
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2a�
10�
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1500�
15,5�
�
2b�
10�
5�
1500�
15,5�
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3a�
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15,5�
�
4a�
10�
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1950�
15,5�
�
D35�
12,5�
5�
2100�
15,5�
�
Table 2:	Parameters of optimized results 
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Tearing of the PETG and unstable heating while Ultrasonic Embossing








Figure 13: PETG Imprint
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Figure 12: Imprint of PP showing material degradation and localized melting





Figure 11: Imprint in PS Material degradation (left top)
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Figure 10: using local vacuum during Ultrasonic embossing
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Figure 7: Schematical representation of the ultrasonic embossing process
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