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deterministic programming was deemed necessary in order to achieve perfect reliability in 

the light of the security concerns mentioned above Figure 2 shows schematics of the 

programming architecture for the test bench. The host, with the GUI, is where the user 

adjusts the settings (testing mode, displacement limits, oil pressure limits, PID values, etc) 

and sends the desired command to the target. Upon receiving the command from the host, the 

target computes the servo valves necessarv opening based on the feedback from the 

instruments, thus allowing the cylinders to follow the desired signal. Meanwhile. 

measurements from the instruments are read by the acquisition card installed on the target, 

and then sent back to the host to be saved under a readable format. 
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Figure 2: Software architecture of the test bench 

TESTING METHODOLOG Y 

Looking at sternotomy as a process allovvs us to identifv input and output variables from 

which performance characteristics are in turn obtained. 

Input variables: 

a. Sternal closure system used to close the severed sternum. Any system available on the 

market can be installed (stainless steel wires, cables, plates, metallic ribbons. 

mersilene tape SMA cables, etc). 

b. Compression force applied to the sternum midline during installation of the closure 

System (FCOMP.I) set by the user. 

c. Disruptive force applied to the sternum (FTRAC)- The amplitude and frequency of the 

disruption are set by the user. 
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Output variables: 

d. Compression force at the sternum midline (FCOMPRIS) under a disruptive force or 

follovving the application and release of a répétitive disruptive force. 

e. Sternum opening (Ô) at four locations along the sternum midline (M, MSI, MS2, X). 

FORCE, N 
3 NUMBE R OF 

-; CYCLE S 

STERNUM OPENING. mm 

Figure 3: Performance characteristics measured 

Figure 3 présents a schematic illustration of the performance characteristics obtained from 

the aforementioned output variables. For a given traction force (FJRAC < FTRAC.MAX). the 

corresponding stemum opening (5) is measured and force-displacement curves can be plotted 

for each closure system. Additionally, the traction force needed to completely separate the 

stemum midline (FTRAC.O) is determined (0-0' for the first cycle). Finally, the permanent 

sternum opening (ÔPFRM) and residual compression force (FCOMP.RES) follovving a disruptive 

force application and release (O'-l-l', r-2-2' and 2'-3-3') are also obtained. 

It is believed that a rigid closure system that reduces motion at the sternum midline under 

loading diminishes the risk of post-operative complications by promoting an earlier union of 

the sternum halves '̂ . The higher the rigidity of the closure system, the smaller the sternum 

opening (ô) and the higher the traction force needed to initiate an opening at the sternum 

midline (FTRACO)- In our opinion however, high rigidity alone is not synonymous with a 

successfui closure system. It has been determined in several studies '̂ ' '*• '"̂  that the opening 

of the sternum occurs well before the application of the maximum force that can be 
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supported by the closure system, irrespective of the type of system used. The reason for this 

résides in the tact that as the closure system of a given geometry becomes stiffer, a larger 

portion of the substantial stresses brought on by post-operative events - such as coughing -

is transferred to the stemum, and can resuit in its local dépression, and therefore in the 

sternum opening under applied forces. Once the disruption is over, any permanent dépression 

will resuit in a loss of compression forces at the interface between both halves of the 

sternum, and consequently, in a decrease in the stability of the bond. Furthermore, the suture 

itself can creep under service conditions, thus resulting in a loss of compression at the 

stemum midline. It should be noted that the capacity of closure Systems to reapply 

compression on the stemum after the load is removed is completely neglected in ail the 

aforementioned studies. This is significant because non-union results from a lack of pressure 

at the stemum midline interface, preventing ossification " . The ability of a closure system to 

maintain compression at the sternum midline is assessed by measuring the permanent 

displacement (ÔPFRM) and residual compression force (FCOMP.RES) over several loading cycles. 

Figure 3 shows three loading cvcles, with a closure System which gradually loses its 

compression capacity. The rate at which the ÔPFRM increases or remains stable from one cycle 

to another will détermine the system's ability to maintain compression, and a closure system 

that reapplies a high percentage of the FCOMP.I will be less subject to the non-union of the 

severed sternum. 

TESTING MODE S AND EXAMPLES OF APPLICATION 

In addition to a manual mode four pre-programmed modes are available for measuring the 

output variables previously introduced: one installation mode and three service modes (one 

static and tvvo dynamic sub-modes representing deep breathing and coughing simulations). 

To highiight the results obtainable with the test bench for différent testing modes, results for 

No. 5 Ethicon stainless steel wires (Somerville, NJ, USA) will be presented. This paper will 

focus on the use of two configurations, with seven simple wires for each installation. One 

configuration (used by Dasika et  al. ^) uses one transsternal wire at the manubrium and at the 

xiphoid, with five péristernal wires in-between (7S configuration, as shown in Figure Ib). 
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while the other uses a peristemal vvire instead of a transstemal wire at the xiphoid (modified 

7S). 

Installation Mode 

The primary objective of this mode is to replicate the motion of a severed sternum during 

rewiring. Through this replication. we hope the surgeon installing the closure system will not 

modify his normal behaviour, and that the compression forces measured between the stemum 

halves will be close to what is found in-vivo. The second objective is to offer a training 

platform for the surgeon, which will allow him to familiarize himself with closure Systems 

under development . 

The installation mode offers a neutral position to which the sternum tends to return if no 

external forces are applied. The opening between the sternum halves can be widened or 

reduced, depending on the direction of the external forces applied by the user. The further the 

opening is from the neutral point, the higher the résistance of the sternum to the relative 

motion applied. Thèse parameters can be adjusted to better fit the behaviour experienced in-

vivo by the surgeon. Compression forces applied to the sternum midline by the closure 

System during installation (FCOMP.I) are measured by the pressure sensors located at the 

sternum midline interface. 

Example of Installation Mode Application 

Results for No. 5 stainless steel wires are shown in Figure 4 for each pressure sensor. 

Artificial sternums were rewired by a cardiac surgeon using the modified 7S configuration. A 

mean and standard déviation of 459 ± 53 N for the FCOMPI \\as obtained from four samples. 

The modified 7S configuration applied less compression at the lower région of the sternum 

(PS5 to PS8) than at the upper région (PSI to PS4). With several authors noting the 

importance of reinforcing the lower région of the sternum in order to prevent déhiscence ^ '̂  

'^ the installation mode enables the optimization of the compression force distribution at the 

sternum midline with the comparison of several configurations for a given closure system. 
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Figure 4: Compression force at the sternum midline during installation of the No. 5 stainless 
steel wires. Data are mean values ± SD 

Service Mode s 

Static Service Mode :  Characteristic Testing 

The static service mode allovvs the quasi-static measurement of the four performance 

characteristics previously introduced: force-displacement curves (FTRAC - 5), permanent 

sternum opening (ÔPERM). residual compression force (FCOMP.RES) follovving the application 

and release of a traction force, and the necessary traction force needed to completely separate 

the sternum midline (FTRAC.O)-

Initially. the 1500 N force calculated by Casha et al. '"̂  (which represents the theoretical chest 

vvall forces during coughing) was to be the maximum traction force applied (FTRAC.MAX. 

Figure 3). However, tests completed in the literature with the same artificial sternum model 

caused significant displacements at the sternum midline well before 1500 N "* "' ^. An upper 

limit of 1200 N for the sternum séparation force was ruled in order to avoid systematic 

failures after only one loading cycle. To quantify the level of séparation at the sternum 

midline under loading, the traction force applied to both halves of the sternum is incremented 

by 200 N (Figure 5a). with the incrément value chosen in order to limit the quantity of data to 

be analysed for each cycle. The dwell time for each step is 30 seconds for stabilizing the 

System and obtaining a mean of the sternal séparation reading from the videoextensometer. 
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After each incrément, the traction force is brought back to 0 N to measure the FCOMP.RES and 

ôpERM at the sternum midline. This is repeated with increased incréments until the upper 

value of 1200 N is reached. 

Time se c Time, se c Time, se c 

Figure 5: Force pattern used during characteristic (a), deep breathing (b) and coughing fit (c) 
testing 

This loading pattern is repeated tvvo times (n=3). and a total of three loadings is chosen in 

order to keep the testing time for one sample reasonably short. 

Example of Characteristic Testing Application 

Results for No. 5 Ethicon wires. with the 7S configuration are presented belovv (Figure 6) for 

the first loading cycle (n=5). At 1200 N, the Ethicon allowed an opening of 0.09 ± 0.10 mm 

at M, 0.01 ± 0.06 mm at MSI, 0.47 ±0.13 mm at MS2, and finally, 0.52 ± 0.33 mm at X 

(Figure 6a). Other authors also observe wider sternum openings at the lower région (MS2 

and X) than at the upper région (M and MSI ). 

Figure 6b shows the FTRACO. FCOMP.RES and ÔPFRM follovving the application and release of the 

traction force. An average FTRAC.O of 1221 ± 73 N was needed to completely separate the 

sternum midline. Only 187 ±41 Nofthe462±5l N initially applied were restored following 

the release of the 1200 N FTRAC- Finally, a permanent sternum opening of 0.13 ± 0.08 mm 

was observed at MS2 following the release of the 1200 N FTRAC- Only the permanent 

displacement at MS2 is plotted because it showed the highest displacement measured. 
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Figure 6: Mean sternum opening as a function of the traction force (a) and compression, 
residual compression force and permanent displacement following the application and 

release of a traction force for the first cvcle (b). Standard déviations (SD) are omitted to 
avoid crowding 

Dynamic Service Mode : Deep Breathing Testing 

Tvvo measurements are completed with this mode: maximum sternum opening (ÔPFRM) for 

each cvcle and maximum residual force applied to the stemum midline for each cvcle 

(FCOMP.RES)- Deep breathing is simulated by a sinusoïdal signal (Figure 5b). which is applied 

for a finite number of cvcles. Sternum openings at the four locations (M, MSI, MS2 and X) 

are taken for each cvcle at the upper limit of FTRAC (A), while the FCOMP.RES applied is taken 

at the lower limit (B). 

To our knowledge, no theoretical model has been developed to evaluate the chest wall force 

experienced during deep breathing. But in our opinion, deep breathing does not generate 

forces as significant as those experienced during coughing. Therefore, the séparation force 

applied to the sternum should not provoke a complète sternum opening. Because FTRACO is 

known from the characteristic mode, the highest traction force applied during cycling is 

slightly lower than FTRACO- Preliminary results suggest an upper value of 800 N. 

An upper limit close to the complète opening of the sternum is not an exact représentation of 

what is experienced in-vivo, but this conservative choice was made to accentuate the 

behaviour of the closure Systems under repeated loading. Also, the lower limit is set to 15 N 

instead of 0 N in order to avoid having any compressive forces being applied to the stemum 
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midline and causing a false read for the pressure sensors. One cycle is applied every 2 

seconds (0.5 Hz), for 350 cycles. As for the number of cycles, the longest test donc in the 

literature had 150 cycles "*. The current test was designed to further push the fatigue testing 

of closure sv stems by at least twofold. 

Example of Deep Breathing Testing Application 

Table I and Figure 7a below présent results for the maximum sternum opening at each 

location for the first and last cvcles, and for the relative residual compression force at the 

sternum midline for each cycle. No. 5 Ethicon wires, with the 7S configuration were used 

(n=3). 

Table 1 : Maximum sternum opening for the first and last cycles 

Sternum Opening (mm) 

Cycle M MSI MS2 X 

I 0.03 ±0.04 -0.04 ±0.05 0.16 ±0.05 0.05 ± 0.04 

350 0.00 ±0.07 -0.02 ±0.08 0.16 ±0.05 0.07 ± 0.04 

Data comprise means ± SD (n=3) 

Sternum openings are stable through cycling, which suggests that the stainless steel wires do 

not eut through the bone. However, with 42 ± 16% of the FCOMP.I reapplied at the 350th cycle 

(Figure 7a), it is clear that there is dégradation at the interface between the bone and the 

closure system. Figure 7 shows the mean value of the residual compression force (FCOMPRES) 

with the 95% Cl at the sternum midline. 
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Figure 7: Relative residual compression force as a function of the number of cycles for deep 
breathing (a) and coughing fits (b). Data are mean values with the 95% Cl 

Dynamic Service Mode : Coughing Testin g 

The coughing mode resembles the deep breathing mode, w ith the différence being the speed 

at which the load is applied. The maximum traction force is 1200 N, which represents an 

intrathoratic pressure of 32 kPa (240 mm Hg) according to Casha's mathematical model ' . 

Pressure builds up for 200 ms. followed by tvvo expiratory phases, the first one lasting 

approximately 30 to 50 ms, followed by the second phase, for 200 to 500 ms ' . The worst 

case scénario was chosen, and a triangular approximation of the coughing pattern was made 

(Figure 5c). During this testing, pressure builds up for 200 ms, and the expiratory phase lasts 

for 230 ms. The residual force at the sternum midline is recorded before and after each 

coughing fit. This pattern is applied until failure occurs. 

Example of Coughing Fits Testing Application 

Figure 7b shows results for No. 5 Ethicon w ires, with the 7S configuration (n=5). 53 ± 8% of 

the initial compression force is reapplied follovving the lOOth cycle, a percentage similar to 

what is observed with deep breathing (56 ± 14%). 

CONCLUSION 

A custom test bench was developed allowing the in-depth testing of sternal closure devices 

over a single setup which allows the installation of the closure device, and subséquent testing 

without additional manipulations of the closed sternum. This method permits the acquisition 

of the compression force applied to the sternum midline and the measurement of its évolution 
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throughout the différent testing stages. The bench has a range of modes, which comprise 

static (characterization of the closure device) and dynamic (simulation of deep breathing and 

coughing fits) testing. Examples of each mode are provided for No. 5 Ethicon stainless steel 

wires. Comparative testing can now be conducted between the standard stainless steel wire 

and a newiy developed closure Systems made of SMA . 
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