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Abstract
Carbon based resistive strain gauge sensor suitable for medical implant technology has been directly fabricated on a titanium test-plate using Micro-Dispensing Direct Write (MDDW) technology. A 3.5µm biocompatible dielectric layer of parylene C was initially coated on the titanium test-plate. Commercially available screen-print carbon conductive paste was deposited on the parylene C and cured at 80oC for 3 hours; this was to ensure the physical properties and chemical integrity of the parylene C layer was maintained, whilst meeting the electrical conductivity curing requirements for the carbon tracks. The novel integrated strain sensor was experimentally tested and found to have a gauge factor of 10 making it approximately 5 times more sensitive than a commercially available metal foil strain gauge glued to the same titanium plate.
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1. Introduction
There is an increase in the research activity of customised medical implants using additive manufacturing (AM) technologies [1][2]. AM implants are usually fabricated from one material and there is no integrated sensor for feeding back the mechanical performance of the implant. Often there can be a mismatch in the mechanical properties between the implant and the host bone tissue, which may lead to the loosening of the implant over time, referred to as “stress shielding” [3][4]. Presently X-ray with computer topography is used to image the implant and host bone tissue, to determine any mismatch but cannot be used for real time monitoring [5].

A mechanical parameter for monitoring the performance of the implant is strain, which can be measured in real time using an attached strain gauge sensor [6]. The strain gauge is normally glued to the implant and it is assumed the strain gauge has the same deformation properties as the adhesive mounting. The strain is determined by the change in resistance of the strain gauge caused by the deformation of the resistive sensing grid. The technique of gluing the strain gauge to the implant can lead to delamination between the strain gauge and the implant particularly in a biological environment leading to premature failure; often more common when monitoring over an extended period of time [7]. 

The fabrication of low conductivity carbon-based strain gauges have been reported with gauge sensitivity ranging between 2.48 to 59, which is greater than obtained from commercial gauges with comparable geometry [8]–[11]. The very high gauge factors were obtained from carbon nanotube based sensors making the cost of the fabrication process very high [9]. Work has also been reported on carbon strain gauges consisting of conductive single-walled carbon nanonets (SWCNN) sensing grids encapsulated between two parylene C layers to ensure biocompatibility [8][12]. However, adhesives were still required to attach the film-like strain gauges on to the test surface. With the increasing sophistication of implant fabrication using AM there is a need to integrate ‘bespoke’ sensitive strain sensors as part of the medical implant.

The method presented in this research work used a computer programmable micro-dispensing direct write (MDDW) technology to fabricate a sensitive strain gauge directly on to a metal test-plate without the use of adhesives for medical implant application. The strain gauges were fabricated using a low conductivity (400Ω/sq/mil) carbon paste to form the sensitive sensing grid directly deposited on a layer of parylene C, which was first coated on the surface of a titanium test-plate. A titanium test-plate was used to simulate the medical implant material. The novel approach of using parylene C as the insulation layer between the strain gauge and the titanium surface offers the advantage that parylene C is already FDA-approved for medical applications. Moreover, parylene C has a low Young’s modulus (~4000MPa) making it mechanically very suitable as the insulating layer between the strain gauge and the titanium test-plate surface [10]. 

2. Experimental
2.1 Fabrication process
The experimental carbon based strain gauges were fabricated using nScrypt 3Dn-300 (Orlando, FL, USA) micro-dispensing direct write (MDDW) system, which allows the extrusion of paste material with viscosity in the range from 1 to 1,000,000 mPa•s through a fine ceramic nTip nozzle (50µm internal diameter). The nScrypt 3Dn-300 was equipped with a SmartPump using a patented valve that controlled the start and stop of the carbon paste flow. The valve incorporates a unique suck-back action at the end of each dispensing operation to prevent the clogging of the paste in the nozzle tip, ensuring a clean start for the next dispensing action [13]. 

Low cost commercial screen printable carbon paste with a viscosity range from 210-260 Pa•s was chosen and pre-loaded in a syringe connected to the pressurised SmartPump dispensing valve. The paste deposition process parameters included the dispensing height, dispensing speed, and material feed pressure. These were optimised to obtain a constant track width throughout the printed pattern of the strain gauge.

A miniature strain gauge Figure 1 was designed to have a high gauge factor using the low electrical conductive carbon paste. The dimensions of the strain gauge are given in table 1, where n is the number of loops, l is the gauge length, p is the gap between the sensing grids, and w is the track width. The design was loaded into PathCAD and exported as a path script file to control the dispensing mechanism of the nScrypt machine. 
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 Figure 1 The layout of the miniature resistive strain gauge

Table 1 The dimensions of the designed resistive strain gauge
	n
	l
	p
	w

	2
	5mm
	0.5mm
	175±12µm



The carbon-based strain gauge pattern was directly written on the 3.5µm thick layer of parylene C (Para Tech Coating LTD., Northampton, UK), which had been first coated on the titanium test-plate using chemical vapour deposition (CVD). The carbon based strain gauge structure was post cured in a box oven at a relatively low temperature of 80˚C for 3 hours to firstly drive off the solvent making up the conductive carbon paste to ensure a stable electrical resistive grid, and secondly to ensure that the electrical and mechanical properties of the parylene C were not modified. 

2.2 Mechanical Testing
A cantilever beam jig was used for measuring the strain performance of the sensor. The titanium test-plate was clamped to one end of the jig and the other end of the test-plate was deflected using a micrometer screw gauge as shown in Figure 2. The corresponding strain ε of the strain gauge at the location “x” was calculated using the equation (1) [9]: 

               (1)

For these measurements x = 22mm (the distance between the strain gauge sensor and the position where the bending force was applied); L = 68mm (the distance between the clamped end of the titanium test-plate and the position where the bending force was applied); h = 1mm (the thickness of the titanium test-plate), and y the deflection in 0.25mm steps of the titanium test-plate using the micrometer screw gauge. 
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Figure 2 Schematic of the cantilever test rig for measuring the gauge factor of the Integrated MDDW strain gauge

With the application of the strain using the cantilever test-jig the corresponding change in the electrical resistance of the strain gauge was measured using a Fluke 289 true-RMS digital logging multi-meter. The strain gauge performance was quantified using the gauge factor (GF) definition, which can be expressed as equation (2), the unit change in resistance per strain:
              (2)
The above strain measurement method was initially validated using a commercial strain gauge with a known gauge factor.


3. Results and discussion
It was found that the most important nScrypt MDDW process parameters that control dispensing material flowrate were material feed pressure, dispensing height and dispensing speed. Initially, the three parameters were found using 3-level full factorial design of experiments (27 sets with 5 repeats) by monitoring the track quality of dispensed silver paste (DuPont 5025). Feed pressure was found to be the most sensitive parameter for final tuning the low conductive carbon paste (DuPont 7082) deposited track quality. A schematic diagram of dispensing mechanism using the nScrypt SmartPump is shown in Figure 3. 
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[bookmark: _Ref316118730]Figure 3 Paste flow inside of the dispensing valve

Figure 4 shows the micrograph of carbon paste (DuPont 7082) patterns as a function of material feed pressure of 8psi, 10psi, 12psi and 14psi. For test patterns where the feed pressure was below 12psi, the tracks were inconsistent due to discontinuous deposition being observed. Increasing the feed pressure to 12psi a consistent track width was observed. However, if the feed pressure was increased to 14psi, the track width was still continuous but increased in width and the end loops were less well defined (Figure 4d).
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[bookmark: _Ref316111952]Figure 4 (a, b, c & d) show how print definition is a function of material feed pressure 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 5 shows an optical image of the MDDW process optimised direct write carbon based strain gauge fabricated directly on a titanium base-plate, with the parylene C layer acting as an electrical insulation layer between the strain gauge and the titanium base-plate. The track width of a number of strain gauges were measured using a digital microscope (Keyence vhx-600) and were found to be consistent 175±12µm and the nominal measured resistance was 203.2±12kΩ. 
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[bookmark: _Ref270772980]Figure 5 MDDW fabricated carbon strain gauge on parylene C coated Ti test-plate

To maintain electrical/mechanical integrity of the parylene C coating the carbon electrical paste was cured at a low temperature of 80˚C for 3 hours as opposed to the recommended curing temperature 120˚C over 20 minutes. Figure 6 shows the measured surface topology of the MDDW deposited carbon track cured at a) 80˚C for 3 hours, and b) 120C for 0.333 hours respectively. The measurements were made using an atomic force microscopy (AFM) with nanometre resolution, the resulting images show very similar surface topology. 

[image: Macintosh HD:Users:Eric:Desktop:Screen Shot 2014-10-15 at 14.30.39.png]
[bookmark: _Ref270772761]Figure 6 AFM image of surface topology of MDDW carbon strain gauge (a) cured at 80˚C for 3 hours (b) cured at 120˚C for 20min

The MDDW carbon based strain gauges were experimentally measured and found to exhibit a linear relationship between the fractional change in resistance and applied mechanical strain. Figure 7 shows the fractional change in resistance plotted against strain for three MDDW carbon-based strain gauges fabricated, using the same process parameters, on a parylene C coated titanium test-plates. The measured gauge factors were between 9.3 and 10.6. The error bars were calculated from the standard deviation of five measurements made on each strain gauge. As a direct comparison a commercial metal foil strain gauge (Tokyo Sokki Kenkyujo Co., Ltd.) with similar geometrical dimensions was glued directly to an identical titanium test-plate. The commercial strain gauge had a gauge factor of 2.1 compared to approximately 10 for the integrated carbon strain gauge, therefore the integrated gauges showed a factor 5 increase in sensitivity and without the added complication of an adhesive. It should also be noted that the geometry of the integrated carbon strain gauge can be easily modified using MDDW technology providing the potential of ‘bespoke’ sensors for medical implant structures. 

GF=2.13
GF=10.6
GF=10.1
GF=9.3

Figure 7 Comparison between MDDW integrated carbon based strain gauges and a commercial gauge that was glued to the same titanium test-plate

4. Conclusion
For the first time MDDW carbon strain gauge sensors were successfully fabricated on biocompatible parylene C coated titanium surface. The measured strain sensors gave an average gauge factor of 9.95±0.65. The process repeatability was good, albeit over a small experiment research sample. The use of the biocompatible parylene C coating between the strain gauge and the titanium offers the potential of removing the use of non-biocompatible adhesives to glue the strain gauge to the implant. 

Acknowledgement
The authors would like to thank Mr Russell Thomas from Para Tech Coating UK Ltd. for his technical assistance with parylene C coating. 


References
[1]	L. Nickels, “World’s first patient-specific jaw implant,” Met. Powder Rep., vol. 67, no. 2, pp. 12–14, Mar. 2012.
[2]	I. Drstvensek, N. I. Hren, T. Strojnik, T. Brajlih, and B. Valentan, “Applications of Rapid Prototyping in Cranio- Maxilofacial Surgery Procedures,” vol. 2, no. 1, 2008.
[3]	Y. Wang, Y. Shen, Z. Wang, J. Yang, N. Liu, and W. Huang, “Development of highly porous titanium scaffolds by selective laser melting,” Mater. Lett., vol. 64, no. 6, pp. 674–676, Mar. 2010.
[4]	H. Mehboob and S.-H. Chang, “Application of composites to orthopedic prostheses for effective bone healing: A review,” Compos. Struct., vol. 118, pp. 328–341, Dec. 2014.
[5]	P. Alpuim, S. a. Filonovich, C. M. Costa, P. F. Rocha, M. I. Vasilevskiy, S. Lanceros-Mendez, C. Frias,  a. T. Marques, R. Soares, and C. Costa, “Fabrication of a strain sensor for bone implant failure detection based on piezoresistive doped nanocrystalline silicon,” J. Non. Cryst. Solids, vol. 354, no. 19–25, pp. 2585–2589, May 2008.
[6]	R. Al Nazer, J. Lanovaz, C. Kawalilak, J. D. Johnston, and S. Kontulainen, “Direct in vivo strain measurements in human bone-a systematic literature review.,” J. Biomech., vol. 45, no. 1, pp. 27–40, Jan. 2012.
[7]	J. Cordey and E. Gautier, “Strain gauges used in the mechanical testing of bones. Part II: ‘In vitro’ and ‘in vivo’ technique.,” Injury, vol. 30 Suppl 1, pp. A14–20, Jan. 1999.
[8]	Y.-T. Huang, S.-C. Huang, C.-C. Hsu, R.-M. Chao, and T. K. Vu, “Design and fabrication of single-walled carbon nanonet flexible strain sensors.,” Sensors (Basel)., vol. 12, no. 3, pp. 3269–80, Jan. 2012.
[9]	D. Lee, H. P. Hong, M. J. Lee, C. W. Park, and N. K. Min, “A prototype high sensitivity load cell using single walled carbon nanotube strain gauges,” Sensors Actuators A Phys., vol. 180, pp. 120–126, Jun. 2012.
[10]	C. a Gutierrez and E. Meng, “Low-cost carbon thick-film strain sensors for implantable applications,” J. Micromechanics Microengineering, vol. 20, no. 9, p. 095028, Sep. 2010.
[11]	A. Bessonov, M. Kirikova, S. Haque, I. Gartseev, and M. J. a. Bailey, “Highly reproducible printable graphite strain gauges for flexible devices,” Sensors Actuators A Phys., vol. 206, pp. 75–801. Bessonov, A., Kirikova, M., Haque, S., Gar, Feb. 2014.
[12]	G. Y. Yang, S. Member, G. Johnson, W. C. Tang, S. Member, J. H. Keyak, and A. Design, “Parylene-Based Strain Sensors for Bone,” vol. 7, no. 12, pp. 1693–1697, 2007.
[13]	X. C. X. Chen, K. Church, and H. Y. H. Yang, “High speed non-contact printing for solar cell front side metallization,” Photovolt. Spec. Conf. PVSC 2010 35th IEEE, pp. 1343–1347, 2010.

Commercial Strain Gauge	0.0	2.5E-5	5.0E-5	7.5E-5	0.0001	0.000125	0.00015	0.000175	0.0002	0.0	0.00010408860021641	0.000124906320259691	0.000187359480389656	0.000233158464484899	0.000278957448580143	0.000322674660671106	0.000366391872762069	0.000437172120909275	Sample 1	0.0	2.54427132660114E-5	2.5437377192382E-5	6.04629557033258E-5	6.21780390208248E-5	5.67146619470485E-5	7.75176721408904E-5	8.91192287067663E-5	7.60545104483784E-5	0.0	2.54427132660114E-5	2.5437377192382E-5	6.04629557033258E-5	6.21780390208248E-5	5.67146619470485E-5	7.75176721408904E-5	8.91192287067663E-5	7.60545104483784E-5	0.0	2.5E-5	5.0E-5	7.5E-5	0.0001	0.000125	0.00015	0.000175	0.0002	0.0	0.000250506003968144	0.000491729974912164	0.000751508973358511	0.00100201024335204	0.00125251280490875	0.00150301536550719	0.00177207424612927	0.00203185496677936	Sample 2	0.0	1.51465636989333E-8	3.02931273657894E-8	2.82287988979937E-5	2.8227616620011E-5	2.82264424203456E-5	4.6060613334309E-5	4.6053957426099E-5	4.6002377779846E-5	0.0	1.51465636989333E-8	3.02931273657894E-8	2.82287988979937E-5	2.8227616620011E-5	2.82264424203456E-5	4.6060613334309E-5	4.6053957426099E-5	4.6002377779846E-5	0.0	2.5E-5	5.0E-5	7.5E-5	0.0001	0.000125	0.00015	0.000175	0.0002	0.0	0.000257726645523587	0.000515453291047173	0.000793797962002651	0.00105152460752618	0.0013092512530498	0.0015772861142213	0.00183501275974483	0.00213397492458912	Sample 3	0.0	2.7441471901299E-5	2.74396464291613E-5	4.19333522773017E-5	4.19585534493935E-5	5.71822515041731E-5	7.43866869865546E-5	6.14445217659196E-5	6.14573351562106E-5	0.0	2.7441471901299E-5	2.74396464291613E-5	4.19333522773017E-5	4.19585534493935E-5	5.71822515041731E-5	7.43866869865546E-5	6.14445217659196E-5	6.14573351562106E-5	0.0	2.5E-5	5.0E-5	7.5E-5	0.0001	0.000125	0.00015	0.000175	0.0002	0.0	0.000230481506530244	0.000430900382462896	0.000661382893105813	0.000891865403748702	0.00112234791439165	0.00136285146922733	0.00160335351781861	0.00185387711273442	Strain
∆R/R


image1.png




image2.jpeg
Micrometer screw gauge

\r

MDDW strain gauge





image3.jpeg
+T— vaive Rod I [Moving Direction

Substrate

/2 nTip f




image4.png
10psi

Material Feed Pressure




image5.jpeg




image6.png





By —
P —

[ ——

[r——

enot
[



