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Statement of Purpose: PMMA bone cement is now being used to 
stabilize painful osteoporotic compression fracture of the spine. FDA 
request information regarding composition, physical and mechanical 
properties[1]. The focus this study was to determine the bending 
strength of polymerized cement in accordance to ISO 5833-02, 
Annex F, using different molding materials and methods with the 
goal of facilitating comparison of mechanical properties by 
indentifying a reproduce ble and consistent sample preparation 
method.     
Methods: Both ASTM 2118-03 and ISO 5833-02 describe the 
preparation of molds for bone cement bending test specimens. 
Teflon, poly(ethylene tetrephthalate), Delrin, high density 
polyethylene and aluminum molds have been found to be suitable.  
However, as ISO 5833-02 specifies, the specimen’s bottom surface 
(i.e, the tension surface) should polymerized in contact with a 
polyester film.  We examined two deviations from the ISO standard: 
1) using an open mold, and  2) testing mold materials other than 
called out in the standard.  SpinePlex ½ dose (Stryker, Kalamazoo, 
MI) was mixed using the manufacturer’s instructions and poured into 
an open mold to create 5 specimens.  Aluminum dividers were 
inserted through curing cement to separate each specimen.  Once 
exothermic curing was complete, the mold was disassembled and 
specimens were removed.  Next, the specimens were machined with 
fly cutter (the top surface only) with subsequent wet-grinding the top 
and side faces using 400 grade SiC paper to the required width and 
thickness, thus allowing the bottom surface (contacting the mold 
material) of the specimen to stay intact. The bottom surface was 
subject to tensile stresses when tested in 4 point bending. The 
samples were maintained at room temperature for at least 48 hours 
prior to testing.  Ten specimens were prepared using each mold 
material.  Prior to mechanical testing, the specimens were X-rayed to 
determine internal porosity and identify large agglomerates of 
BaSO4.  In addition, the surface roughness of the bottom surface was 
determined using stylus profilometry. The specimens were tested 
using an electromechanical MTS Alliance testing machine, with a 
cross head speed of 5mm/min, and the force at break was recorded.  
The bend strength was calculated in accordance to F5.2. ISO 5833-
02. In addition, the fracture surface was analyzed using light 
microscopy to observe fracture pattern and identify any large 
agglomerated of BaSO4.   The X-rayed micrographs were compared 
to actual fracture location in search of any correlation.  Differences in 
the mean bending strength were tested by ANOVA and a Tukey HSD 
test for post-hoc pairwise comparisons. 
Results: Table 1 presented the results of the 4pt bend strength using 
different molding material.  Glass and thick polyester had the 
smoothest surface finish while the Telfon had the roughest.  Delrin, 
machined and Aluminum were within a range between 0.13 to 0.28 Ra.  
There was a strong correlation between the smooth surface and the 
calculated bend strength.   
Two batches of specimens made with the polyester film (Table 1, #7,8) 
exhibit high bending strength and high standard deviation.  The surface 
condition of these specimens plays a significant role on the material’s 
measured mechanical performance.   With the exception of the Delrin 
molds, the specimens molded using metal molds had the lowest 
bending strengths; however, they were not significantly different from 
Delrin or Teflon.  Surface irregularities, such as defects and roughness, 
can influence where fracture initiation occurs; the smoother the surface 
(fewer irregularities), the higher the material’s strength, since there are 
fewer stress concentrators and hence fewer crack initiation sites.  
Therefore, the smoothest surface would resist the tensile failure the 
most.  Table 1 shows that the smooth surfaces, such as glass and thick 
polyester, had the highest bend strength.   The influence of surface 

roughness of the mold, and subsequently of the specimens, has a 
clear influence on mechanical behavior of specimens under the 
tensile stress.   

Table 1. Bending Strength Results 
Mold Material Specimen 

Surface 
Roughness, 
Ra  

Average (n=10) 
Bending Strength, 
MPa/ 
(Standard 
Deviation) 

Significantly Different 
from (P<0.05): 

1. Stainless Steel 0.22 45.19/(3.943) 2,8, (7)a 
2. Glass 0.05 54.79/(6.172) 1,3,6, (5)b 
3. Delrin 0.13 44.01/(8.276) 2,7,8 
4. Teflon 1.18 48.63/(3.405) --- 
5. Machined Delrin+ 0.13 47.97/(2.476) 8, (2)b 
6. Aluminum 0.28 46.81/(5.071) 2,8 
7. Polyester film, 0.0005” 0.21 52.11/(4.488) 3, (1)a 
8. Polyester film, 0.01” 0.06 55.06/(3.679) 1,3,5,6 
NOTES: + bottom surface of sample was machined with 600 grit SiC paper in longitudinal 
direction,  a: P=0.053, b: P= 0.059 
The specimens with the smallest surface roughnesses and highest 
bending strengths have large standard deviations (Table 1, #2,8).  
For a smoother surface, there are fewer crack initiation sites, and 
therefore a greater chance that failure originates at random 
subsurface imperfections. Voids and radiopacifier agglomerates can 
serve as the crack initiation sites.  A large void or agglomerate 
located close to the tensile surface can initiate cracks with lower 
stresses (resulting in smaller bending strengths) than a small void or 
agglomerate located far away from the tensile surface (e.g., near the 
neutral axis).   Variability in the amount, size, and distribution of 
porosity and agglomerates of BaSO4 within the specimen contribute 
to the relatively large standard deviations.  ISO 5833-02 requires 
testing five specimens.  However, knowing that PMMA bone 
cement is a composite material with the potential for variability 
within the material from porosity and agglomerates of BaS04, it 
was previously believed that bone cements should have high 
uniformity, resulting in low standard deviations, requiring fewer 
specimens to be tested. Testing fewer specimens decreases the 
burden on testing facilities; however we tested 10 specimens per 
mold material to better evaluate such a composite material having 
variability in porosity and agglomerates of BaSO4.  Specimens 
where the bottom surface (i.e., the surface that is under tensile 
loads during the bending test) had been machined to reduce the 
surface roughness (Table 1, #5) exhibit the lowest standard 
deviations because the surfaces are consistent and reproducible. 
Conclusions:  Based on the mechanical testing results of this 
study, we recommend that ISO 5833-02 should identify a specific 
type and thickness of the polyester film for specimens molding.  
Bending strength can vary due to different polyester film 
thicknesses and surface roughnesses of the tensile surface in 4pt 
bending.  Bending strength (and standard deviation) depends on a 
specimen’s surface roughness.  The specimens that were machined 
after molding showed the lowest variation in measured properties 
(smallest standard deviations).  It may be that any mold material will 
provide suitable test specimens provided that post-molding 
treatments (in this case, slightly roughened with 600 grit SiC paper 
in longitudinal direction) are consistent.  The post-molding 
treatments, are important to in-vitro mechanical tests, such as tensile, 
fatigue and bending, because of the sensitivity of the material flaws 
to tensile loads.  Failure under compression testing occurs by 
different mechanisms (e.g., buckling), and may be less sensitive to 
surface defects, and therefore mold material and post-molding 
treatments may not be as important.   
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