
ARTICLE IN PRESS 

JID: JJBE [m5G; July 3, 2017;15:53 ] 

Medical Engineering and Physics 0 0 0 (2017) 1–5 

Contents lists available at ScienceDirect 

Medical Engineering and Physics 

journal homepage: www.elsevier.com/locate/medengphy 

Technical note 

Development of an instrumented spinal cord surrogate using optical 

fibers: A feasibility study 

Yann Facchinello 

a , c , Éric Wagnac 

a , b , ∗, Bora Ung 

b , Yvan Petit a , b , Prabin Pradhan 

b , 
Louis-Marie Peyrache 

a , b , Jean-Marc Mac-Thiong 

a , c 

a Research Center, Hôpital du Sacré-Cœur de Montréal, 5400, Gouin Boul. West, Montreal, Quebec H4J 1C5, Canada 
b École de technologie supérieure, 1100 Notre-Dame Street West, Montreal, Quebec H3C 1K3, Canada 
c Department of Surgery, Faculty of Medicine, University of Montreal, Pavillon Roger-Gaudry, S-749, C.P. 6128, succ. Centre-ville, Montreal, 

Quebec H3C 3J7, Canada 

a r t i c l e i n f o 

Article history: 

Received 1 November 2016 

Revised 15 June 2017 

Accepted 17 June 2017 

Available online xxx 

Keywords: 

Traumatic spinal cord injury 

Physical spinal cord surrogate 

Instrumented surrogate 

Optical fiber sensing 

a b s t r a c t 

In vitro replication of traumatic spinal cord injury is necessary to understand its biomechanics and to 

improve animal models. During a traumatic spinal cord injury, the spinal cord withstands an impaction 

at high velocity. In order to fully assess the impaction, the use of spinal canal occlusion sensor is nec- 

essary. A physical spinal cord surrogate is also often used to simulate the presence of the spinal cord 

and its surrounding structures. In this study, an instrumented physical spinal cord surrogate is presented 

and validated. The sensing is based on light transmission loss observed in embedded bare optical fibers 

subjected to bending. 

The instrumented surrogate exhibits similar mechanical properties under static compression com- 

pared to fresh porcine spinal cords. The instrumented surrogate has a compression sensing threshold 

of 40% that matches the smallest compression values leading to neurological injuries. The signal obtained 

from the sensor allows calculating the compression of the spinal cord surrogate with a maximum of 5% 

deviation. Excellent repeatability was also observed under repetitive loading. 

The proposed instrumented spinal cord surrogate is promising with satisfying mechanical properties 

and good sensing capability. It is the first attempt at proposing a method to assess the internal loads 

sustained by the spinal cord during a traumatic injury. 

© 2017 IPEM. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Traumatic spinal cord injury (TSCI) occurs at an annual inci- 

dence of 10–60 cases per million inhabitants depending of the 

country [1] . In the United States, the annual incidence is about 40 

cases per million and the prevalence is estimated at 721 per mil- 

lion [1] . TSCI can potentially damage motor and sensory function, 

leading to a loss of autonomy and a poor quality of life. Burst frac- 

tures and fracture dislocations are responsible for respectively 30% 

and 40% of all TSCI [2] . They are often accompanied by a certain 

degree of spinal cord canal occlusion due to bone fragment, liga- 

ments or other structure compromising the spinal canal and com- 

pressing the spinal cord. The amplitude and distribution of stresses 

and strains in the spinal cord influence the potential of neurologi- 
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cal impairment [3] . The compression rate of the spinal cord during 

the trauma is also known to be a determinant factor of the neuro- 

logical outcome [4] . 

Spinal cord residual compression is diagnosed by clinical X-ray 

observations performed after the injury. But despite their clini- 

cal relevance, imaging techniques can only give information about 

the post-injury compression. They do not provide insight about 

the acute compression. This is of critical relevance knowing that 

no correlation was found between the post-injury compression 

and the long term neurological outcome [5] , probably because the 

residual compression is not necessarily related to the acute com- 

pression [6,7] . 

Accordingly, global and local spinal cord deformation occurring 

during those injuries is poorly understood [8] . A better knowledge 

of the injury’s biomechanics could lead to improved understand- 

ing of the extent of neurological injury due to the impaction of 

the spinal cord during the trauma, and improved prevention de- 

vices and cares. In order to obtain such information, in vitro repro- 

http://dx.doi.org/10.1016/j.medengphy.2017.06.033 

1350-4533/© 2017 IPEM. Published by Elsevier Ltd. All rights reserved. 

Please cite this article as: Y. Facchinello et al., Development of an instrumented spinal cord surrogate using optical fibers: A feasibility 

study, Medical Engineering and Physics (2017), http://dx.doi.org/10.1016/j.medengphy.2017.06.033 

http://dx.doi.org/10.1016/j.medengphy.2017.06.033
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
mailto:eric.wagnac@etsmtl.ca
http://dx.doi.org/10.1016/j.medengphy.2017.06.033
http://dx.doi.org/10.1016/j.medengphy.2017.06.033


2 Y. Facchinello et al. / Medical Engineering and Physics 0 0 0 (2017) 1–5 

ARTICLE IN PRESS 

JID: JJBE [m5G; July 3, 2017;15:53 ] 

Fig. 1. (a) Picture of the 3D printed ABS casting mold and (b) schematic representation of the instrumented spinal cord surrogate. 

duction of the trauma is necessary and must be combined with a 

spinal canal occlusion measurement technique. 

Several studies have been published about the development of 

technologies capable of recording the spinal canal occlusion. Some 

authors used a water filled, flexible polymer tubing, which is in- 

serted into the spinal canal of cadaveric spine segments prior to 

in vitro fracture replication [9,10] . Changes in the tubing diameter 

were evaluated by recording changes of the water pressure. Such 

technology allows the evaluation of the spinal canal occlusion both 

statically and dynamically but does not reproduce the mechanical 

properties of the spinal cord and its surrounding structures. Ignor- 

ing its mechanical properties can influence the recorded compres- 

sion as the spinal cord may provide resistance to the compression 

and therefore, affect the spinal canal occlusion. Other used a saline 

filled polymer tubing as spinal canal occlusion transducer [11–14] . 

Canal occlusion was evaluated by measuring changes in the resis- 

tivity of the saline. Again, no attempt was made to reproduce the 

biofidelic mechanical properties of a real spinal cord. 

More recently, an improved physical surrogate of the human 

spinal cord was developed using silicone rubber that can be made 

radiopaque [15] . The same radiopaque physical surrogate was used 

to measure the spinal canal occlusion in vitro with the help of a 

high speed fluoroscope [16] . This impressive work is however lim- 

ited by a 10 0 0 Hz frame rate which seems low considering that 

during burst type fracture, the retropulsed bone fragment can im- 

pact the spinal cord at 4.5 m s −1 [7] . This technique allows quan- 

tifying the spinal compression in the sagittal plane only and does 

not give information about the complete layout of injury. The high 

speed fluoroscope is also an advanced and costly equipment which 

might not be available to all research groups. 

Unfortunately, there has been no attempt so far at measuring 

the internal forces and strains sustained by the spinal cord during 

the trauma. It appears necessary to develop an instrumented phys- 

ical spinal cord surrogate that replicates the mechanical properties 

of the biological organ with compression sensing capability. In this 

study, we investigate the use of optical fiber as a hair-like sensing 

element embedded into a physical spinal cord surrogate. 

Optical fiber bend loss is a well-known phenomena [17] and 

has been used for several sensing applications [18–23] . It refers to 

the optical power loss occurring when an optical fiber is bent to 

a given curvature radius. In this feasibility study, we propose the 

use of bare optical fibers as sensing elements to evaluate the com- 

pression of a physical spinal cord surrogate based on light intensity 

modulation. This paper presents the mechanical characterization of 

the manufactured surrogate as well as its sensing capability using 

one optical fiber. 

2. Material and method 

2.1. Physical surrogate production 

The spinal cord physical surrogate was made of silicone rub- 

ber foam (FlexFoam-iT! III, Smooth-on, PA, USA) obtained by 

mixing the two liquid parts in adequate proportions. The liquid 

silicone foam was then quickly poured into the 3D printed ABS 

casting mold shown in Fig. 1 (a). The resulting silicone cord was 

20 cm long and had an ellipsoidal section (major diameter of 

11 mm and minor diameter of 9 mm) replicating the human tho- 

racic spinal cord transverse section [24] . During casting and cur- 

ing of the silicone rubber foam, a 0.6 mm diameter nylon wire ran 

longitudinally through the surrogate. After silicone curing, the wire 

was removed and replaced by a 242 μm diameter bare optical fiber. 

With this technique, the fiber was free to slide with respect to the 

silicone rubber foam and could not significantly influence the me- 

chanical properties of the surrogate. Also, in this configuration, the 

fiber was not subjected to axial strain during mechanical testing. 

Fig. 1 (b) shows a schematic of the surrogate, with the optical fiber 

located 8 mm from its lower surface. 

2.2. Mechanical characterization 

Mechanical testing was performed using an Enduratec ELF 3200 

Series (TA Electroforce, DE, USA). Mechanical characterization was 

performed with transverse compression loading at 0.5 s −1 (static), 

5 s −1 and 50 s −1 (dynamic) strain rates as suggested by Fradet 

et al. [25] . Force was recorded using a miniature loadcell (0–400 N) 

while displacement was recorded using the linear variable differ- 

ential transducer (LVDT) built in the testing apparatus. Displace- 

ment and force were recorded at 10 and 50 0 0 Hz for the static 

and dynamic loading respectively using a NI USB 6212 data acqui- 

sition card (National Instruments Corporation, TX, USA) and a cus- 

tom Labview program (National Instruments Corporation, TX, USA). 

The complete contact between the impactor surface and the sam- 

ple was adjusted through the application of a pre-load of 0.2 N. 

Stress applied on the surrogate during compression was calculated 

as the force divided by the compression area of the 9.5 mm di- 

ameter steel impactor which has a size similar to impactors used 

in TSCI animal model investigation [26–29] . Transverse compres- 

sion was calculated by dividing the displacement of the impactor 

by the thickness of the surrogate (9 mm). Compression was limited 

to about 65% to avoid permanent damages to the surrogate under 

repetitive testing. Fig. 2 shows a picture of the instrumented sur- 

rogate under testing. 

2.3. Compression sensing 

The sensing element is an embedded 242 μm diameter SMF28 

single mode optical fiber (Corning Incorporated, NY, USA). As the 

surrogate is being compressed, the fiber bends to adapt to its ge- 

ometry which leads to changes in the transmitted optical power 

due to bend-induced losses. To assess the compression sensing ca- 

pability of the technology, the surrogate was statically compressed 

at 0.2 mm s −1 and dynamically at 500 mm s −1 . A 1550 nm wave- 

length source excitation was generated by a tunable laser (81682A 

model, Agilent Technologies, CA, USA). The transmitted optical 

power was continuously recorded at the optical fiber output using 

a PM100D power meter equipped with a S145C power sensor (both 

from Thorlabs Inc, NJ, USA). Recording of the output optical power 
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