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Abstract. Spinal diseases imposes considerable burden to both patients and society. In recent years, much
surgical efforts have been made in advancing the treatment of neck and back pain. Of particular prominence is
the increasing clinical acceptance and use of intervertebral artificial disk prosthesis for the treatment of
discogenic back pain. Despite this increased use of such disks, their in-vivo monitoring remains rudimentary. In
an effort to develop an intelligent artificial spinal disk where the in-vivo loading of the spine can by studied for
the first time an experimental set up has been created in order to initially study the in-vitro loading on an
artificial disc prosthesis. Eight strain gauges and two piezoresistive sensors were used and placed suitably in the
artificial disk prosthesis. The results from the in-vitro loading showed linear relationship between loading and
the outputs from the sensors with good repeatability and less hysteresis.

1. Introduction

Low back pain is one of the most common diseases that can cause chronic disability and incapacity to
work. Low back pain is highly correlated with mechanical loading of the spine (Stokes and latridis,
2004; Liuke et al., 2005). The anatomical part that has a main role in low back pain is the spinal disk
as one of its main functions is to handle all the mechanical body stresses. The spinal disk’s loss of
ability to handle mechanical stresses is known as Disk Degenerative Disease (DDD). In order to
correct for such a disease surgeons perform an operation where they replace the damaged spinal disc
and replace it with an artificial disc prosthesis. Despite this increased use of such artificial disks, their
in vivo monitoring remains rudimentary. Also, detailed knowledge of the in vivo loading and the
viscoeleasticity of the human spine will enable artificial spinal disc manufacturers to design and
develop artificial discs which behave very close to the human natural discs. In the past, many
researchers have adopted different techniques to measure the in vivo loading of the spine. They have
used techniques such as mathematical modelling, experiments on animals or by measuring the
pressure inside the spinal disk (Nachemson and Elfstrom, 1970; Ledet et al., 2000; Ledet et al., 2005;
McGill, 1992; Morlock and Schneider, 1998; Han et al.,1995; Kromodihardjo and Mital,1987; Schultz
and Ashton-Miller, 1991; Dolan et al., 1998; Farfan, 1995; Rohlmann et al., 1997; Patwardhan et al.,
1999). As of today there is no comprehensive in vivo loading data available. The in vitro loading data
records show that the load on the lumbar spine vary from 29% to 5306% of the body weight
(Cholewicki et al., 1991; Granhed et al., 1987; Leskinen et al., 1983; Nachemson et al., 1966). The
measurement of in vivo loading and the detail investigation of the spine’s behaviour under different
conditions will open up many avenues for the solution of the low back pain. As mentioned above the
acquisition of in vivo spinal loading data will assist in the design and development of more
representative spinal implants especially spinal disk prosthesis. The artificial disk prosthesis is the
only most suitable device to measure true in vivo spinal loading in humans. The aims and objectives of
this work is to design and develop an intelligent artificial spinal disk prosthesis with an ultimate aim in
acquiring a comprehensive understanding of the in vivo spinal loading in humans. As a preliminary of
developing such an intelligent system, this paper describes the incorporation of sensors within a
commercial artificial spinal disk prosthesis and the in vitro loading evaluation of such sensors.



2. Material and methods

2.1 Design and development of the load cell

The design of the loading cell was based on a commercial Activ-L™ artificial spinal disk prosthesis
(Aesculap, B-Braun, Germany). The artificial disc used was a L4/L5 (between lumbar 4 and 5
vertebrae), which is one of the most common used discs that receives replacement in humans. The
artificial disk comprises of mainly three parts (see figure 1), the upper end-plate, the lower plate (both
made-up of Cobalt-Chromium alloy) and the inlay material (made-up of visco-elastic ultra-high
molecular weight Polyethylene).

upper end-plate

Figure 1: Aesculap Activ-L™ Artificial Disc

Two types of sensors were selected to be placed inside the disc. The sensors were strain gauges and
piezoresistive (FlexiForce®, Tekscan Inc., MA, USA) sensors. Four strain gauges were placed
according to manufacturer’s instructions on the four corners of the upper plate (Figure 2a) and another
four strain gauges were placed at the four corners of the lower plate (Figure 2b). The strain gauges in
this experimental setup are intended to measure strain on the disc’s end-plates and accordingly give an
output in terms of changes in resistance proportional to the applied load/force. The FlexiForce® was
placed on the top and at the bottom (interchangeably) of the inlay material (Figures 2c, 2d). The
piezoresistive sensor is a load bearing sensor for measuring force and in this experimental setup will
be measuring the compressive forces subjected to the disc in the normal direction. The positioning of
the piezoresistive sensor above and below the inlay material will enable the investigation of the visco-
elastic behaviour of the inlay material and hence of the disc. Therefore, all sensors together will allow
the complete mapping of forces on the disc in different directions.

Figure 2a (top left): Superior plate with four strain gauges; Figure 2b (top right): Inferior plate with
four strain gauges; Figure 2c (bottom left): FlexiForce® sensor on top of the inlay material; Figure 2d
(bottom right): FlexiForce® sensor under the inlay material



2.2 Signal conditioning and data acquisition system

A signal processing and data acquisition system has been developed to process all the signals acquired
from all sensors, digitise, display and store them on a computer (Figure 3). All sensor output signals
were digitized (sampling rate at 100 Hz) using an NI CompactDAQ USB Data Acquisition System
(National Instruments Corporation, Austin, Texas). The digitized signals were analyzed by a Virtual
Instrument (VI) implemented in LabVIEW (National Instruments Corporation, Austin, Texas). This VI
read the voltage outputs from all sensors, converted them into a spreadsheet format and saved them
into a file specified by the user and displayed the signals in real time on the screen of the computer.

DTA ACOURSTTOON SYETEW ZIGHAL COHDITIOMING SENSOR
I I . . L : !
@ — [R5 S6-0
W& I—I I s |
T wmme e [ L M8 =
] L' MODLLE e ._ 562
Pl: H s T [T " 56-3
BASED
DATA I E— - — | Kl 9855 f— | -4
) N 565
ACD . A .
S % == 10 HIBLLE [ nE |
5 lr—— | WL [ | =7 |
LABVIEW S
Ll HI 215 == el Condllkt. |+——| Fiarcesp
CHYSIS | INTERFAGE FALOG YOLTHEE
|HPUT MDEULE
{,'_;_|

Figure 3: Block Diagram of Signal Conditioning and Data Acquisition system

Loading was applied to the artificial disc (with all sensors embedded) using a Universal Testing
Machine (Instron, Bucks, UK). For this study only normal application of compressive load to the
artificial disk prosthesis was performed. In this preliminary study the main objective was to evaluate
all experimental set-up and confirm that all sensors produce meaningful outputs when loaded. The
load that was applied to the disc was from 0 to 4 kN, which is the natural range of loads that the
human spinal disc can be exposed (White and Panjabi, 1990).

3. Results and Analysis

Figure 4 shows a typical output of the S; — strain gauge installed on the inside of the periphery of the
inferior disc plate. Figure 5 shows the mean value of the outputs of all eight strain gauges with respect
to the applied load. Figures 6 and 7 show the FlexiForce® sensor’s output in volt against applied load.
In Figure 6 the FlexiForce® sensor is placed under the inlay material and in Figure 7 the FlexiForce®
sensor is placed on top of the inlay material. In all experiments the loading speed when loading from 0
to 4 kN is 10 mm/min and the return speed from 4 to 0 kN is much higher than 10 mm/min. The same
experiment has been repeated 20 times in order to find out the repeatability and consistency of the
output. In completion of all repetitive measurements it was found that the repeatability is less than
+4.5% of full-scale. The actual peak loading shown in all Figures (4 to 7) is not exactly 4 kN and this
was due to the inaccuracy of the machine to deliver the exact load as dialed in the system.

One interesting result is when the FlexiForce® sensor’s location is changed (as seen in Figures 6 and
7) the hysteresis is reduced and the sensor’s response time is also reduced significantly.
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Figure 4: Strain Gauge-S; o/p when Loading from 0-4-0 kN with 10 mm/min Loading Speed
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Figure 5: All Eight Strain Gauges (Mean Value) Output when Loading from 0-4-0 kN with 10
mm/min Loading Speed
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Figure 6: Piezoresistive Thin Layer-Flexi Force Sensor’s output when Loading from 0-4-0 kKN
(FlexiForce® sensor is placed under the inlay material).
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Figure 7: Flexi Force Sensor’s output when loading from 0-4-0 kN (FlexiForce® sensor is placed on
top of the inlay material).

4. Conclusion

An artificial spinal disc loading cell has been successfully developed and tested in vitro in this pilot
study. The loading to the disc up to 4 kN generated adequate surface strain/stress on both disc plates.
The results show good repeatability of less than +4.5% of the full scale, high precision and better
accuracy with fewer tolerances. The outputs from all sensors used were very much linear which is
very important for this application. The strain gauge proved to have better accuracy, hysteresis,
repeatability and sensitivity when compared with the piezoresistive sensor. However, the use of the
piezoresistive sensor is essential as due to its very thin size (paper thin) can be comfortably placed on
the top or at the bottom of the inlay material without altering any of the properties or functions of the
material. One of the disadvantages of the piezoresistive sensor is its poor performance against the
shear forces which are very common due to the movement of the disc plates with each other. Also, the
piezoresistive sensor needs to be calibrated for every different loading speed of the disc. In summary,
the strain gauges proved more reliable and suitable for this application. The results of this experiment
have paved the way for more detailed in vitro and in vivo loading studies.

References

[1] M Liuke, S Solovieva, A Lamminen, K Luoma, P Leino-Arjas, R Luukkonen and H Riihiméiki,
“Disc degeneration of the lumbar spine in relation to overweight” International Journal of
Obesity (2005) 29, 903-908. doi:10.1038/sj.ij0.0802974; published online 17 May 2005

[2] IAF Stokes, JC latridis — “Mechanical Conditions That Accelerate Intervertebral Disc
Degeneration: Overload Versus Immobilization.” Spine, 2004 - spinejournal.com

[3] Leskinen TPJ, Stalhammar HR, Kuorinka IAA, Troup JDG. A dynamic analysis of spinal
compression with different lifting techniques.Ergonomics;26:595-604, 1983.

[4] Granhed H, Johson R, Hansson T. The loads on the lumbar spine during extreme weight lifting.
Spine;12(2):146-9, 1987

[5] Cholewicki J, McGill SM, Norman RW. Lumbar spine loads during the lifting of extremely
heavy weights. Med Sci Sports Exer; 23(10):1179-86, 1991.

[6] Nachemson A. The load on lumbar disks in different positions of the body. Clin Orthop Rel
Res;45:107-22, 1966.

[71 Nachemson A, Elfstrom G. Intravital dynamic pressure measurements in lumbar discs. Scand J
Rehabil Med Suppl;S1:1-40, 1970.

[8] Ledet EH, Sachs BL, Brunski JB, Gatto CE, Donzelli P. Real time in vivo loading in the lumbar
spine. Part 1: interbody implant load cell design and preliminary data. Spine;25(20):2595—
600, 2000.

[9] Ledet EH, Tymeson MP, DiRisio DJ, Cohen B, Uhl RL. Direct Real-Time measurement of in
vivo forces in the lumbar spine. The Spine Journal 5, 85-94, 2005.



[10]

[11]

[12]
[13]
[14]

[15]

[16]
[17]
[18]

[19]

McGill SM. A myoelectrically based dynamic three-dimensional model to predict loads on
lumbar spine tissues during lateral bending. J Biomech;25(4):395-414, 1992

Morlock MM, Schneider E. Determination of the magnitude of lumbar spinal loading during
different nursing activities. Proceedings of the 44th Annual Meeting of the Orthopaedic
Research Society, March 16-19, New Orleans, Louisiana, Chicago: Orthopaedic Research
Society, 1998.

Han JS, Goel VK, Ahn JY, et al. Loads in the spinal structures during lifting: development of a
three-dimensional comprehensive biomechanical model. Euro Spine J;4:153-68, 1995.

Kromodihardjo S, Mital A. A biomechanical analysis of manual lifting tasks. J
Biomech;109:132-8, 1987.

Schultz AB, Ashton-Miller JA. Biomechanics of the human spine. In: Mow VC, Hayes WC,
editors. Basic orthopaedic biomechanics. New York: Raven Press, Ltd,:337-74, 1991.

Dolan P, Adams MA, Kingma |, de Looze MP, van Dieen J, Toussaint HM. The validity of
measurements of spinal loading during manual handling. Proceedings of the 44th Annual
Meeting of the Orthopaedic Research Society, March 16-19, New Orleans, Louisiana,
Chicago: Orthopaedic Research Society, 1998.

Farfan HF. Form and function of the musculoskeletal system as revealed by mathematical
analysis of the lumbar spine. Spine; 20(13):1462-74, 1995.

Rohlmann A, Bergmann G, Graichen F. Loads on an internal spinal fixation device during
walking. J Biomech;30(1):41-7, 1997.

Patwardhan, AG, Meade KP, Lee B. A “follower load” increases the load carrying capacity of
the lumbar spine in axial compression. Spine; 24(10): 1003-9, 1999.

Book: White, A.A. lll & Panjabi, M.M.: Clinical Biomechanics of The Spine, 2" ed., 1990,
Lippincott Williams & Wilkins.



