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Abstract
Background. Although shoulder arthroplasty is an accepted treatment for osteoarthritis, loosening of the glenoid component,
which mainly occurs at the bone–cement interface, remains a major concern. Presently, the mechanical eﬀect of the cement mantel
thickness on the bone–cement interface is still unclear.
Methods. Finite element analysis of a prosthetic scapula was used to evaluate the eﬀect of cement thickness on stresses and
micromotions at the bone–cement interface. The glenoid component was all-polyethylene, keeled and ﬂat back. Cement mantel
thickness was gradually increased from 0.5 to 2.0 mm. Two glenohumeral contact forces were applied: concentric and eccentric.
Two extreme cases were considered for the bone–cement interface: bonded and debonded.
Findings. Within cement, stress increased as cement thickness decreased, reaching the fatigue limit below 1.0 mm. Bone stress
was below its ultimate strength and was minimum between 1.0 and 1.5 mm. Interface stress was close to the interface strength,
and also minimum between 1.0 and 1.5 mm. Both the decentring of the load and the debonding of the interface increased the stress.
Interpretation. A cement thinning weakens the cement, but also the bone–cement interface, along the back–keel edges. Conversely, a cement thickening rigidiﬁes the cemented implant, consequently increasing interfacial stresses and micromotions. To avoid
both excessive cement fatigue and interface failure, an ideal cement thickness has been identiﬁed between 1.0 and 1.5 mm.
 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Unconstrained total shoulder arthroplasty has become an accepted and common treatment for osteoarthritis of the shoulder. However, despite the success of
the procedure in terms of pain relief and gain in functionality (85–95%), a major concern remains regarding
the ﬁxation and longevity of the glenoid component,
which is generally all-polyethylene and cemented (Boi-
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leau et al., 2002). The clinical loosening of the glenoid
component is the primary cause of failure; it has been
correlated to ﬁbrous tissue formation (Torchia et al.,
1997), which is associated to radiolucent lines at the
bone–cement interface, observed in 30–95% of patients
at follow-up (Wirth and Rockwood, 1996).
The ﬁbrous tissue formation and the loosening are
caused by multiple factors; the most important is certainly the level of micromotion of the implant relative
to the underlying bone (Aspenberg and Herbertsson,
1996). Another important factor is the presence of debris of cement, which may combine to the micromotion,
to induce an inﬂammatory response. Both are linked
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to the level of the stress near the bone–cement interface:
above a critic level, stress may induce an interface failure
(micromotion) and/or a fatigue failure of the cement
(debris). One of the main mechanical causes of the loosening is therefore the repetitive loading of the implant
over some critical level. Finally, the stress state at
bonded interface may be used to evaluate the primary
stability of the implant, but also give some insight of
the long-term stability.
It has already been demonstrated that the cementing
technique may improve the long-term survival of the cemented glenoid component (Norris and Lachiewicz,
1996). Moreover, in vitro tests have revealed that the
thickness of the cement mantle inﬂuences the primary
stability of cemented glenoid components (Nyﬀeler
et al., 2003). Numerical models were also used to analyse
the eﬀect of cement thickness around glenoid implants: a
2D model showed that a 50% increase of cement thickness increased the stress within the trabecular bone adjacent to the cement up to 50% (Stone et al., 1999); in a 3D
model, a comparison between normal and double cement thickness revealed a 10% increase of bone stress,
and a 30% increase of cement stress (Couteau et al.,
2001). These numerical studies, which were not focused
on cement thickness eﬀect, only considered fully bonded
interfaces, and did not provide relative micromotions at
the bone–cement interface.
Despite the above studies, there is no clear recommendation for the thickness of the cement mantel. Thus,
there is still a lack of information concerning the biomechanical mechanisms relating cement thickness on the
stress transfer from the glenoid surface to the bone–
cement interface. Since these mechanisms are essential
for the primary and long-term stability of the glenoid
component, a three-dimensional ﬁnite element model
of a prosthetic scapula was developed to analyse this
parameter. A cemented all-polyethylene glenoid component was inserted, and increasing values of the cement
thickness were considered. The glenoid implant stability
was evaluated from several mechanical quantities near
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bone–cement interface. Two extreme cases were analyzed: fully bonded and fully debonded, which corresponds respectively to the primary implant stability
immediately after surgery, and to a fully loose implant.
The ﬁrst case was used to estimate the occurrence of the
(progressive) loosening process, while the second case
was used to give some insight of the stress state near
the interface when it has failed.

2. Methods
The three-dimensional geometry of the scapula was
reconstructed from 1 mm computed tomography (CT)
slices of an intact cadaver shoulder, without any macroscopic or radiological signs of pathology. The glenoid
implant was all-polyethylene, keeled and ﬂat backed;
its articular surface was spherical with a radius of curvature of 30 mm. It was positioned into the reconstructed
scapula in such a way that the glenoid surface ﬁt the cartilage surface of the scapula (centre point and orientation), and according to surgeon recommendations. A
cement mantel of uniform thickness was added around
the implant. At the bony side, the cement mantel edges
were smoothed with a 2 mm radius ﬁllet to avoid sharp
contacts at the bone–cement interface. The bone resection of the glenoid corresponded to the exact volume
occupied by the cemented implant. This virtual arthroplasty procedure was repeated with four diﬀerent cement
thicknesses: 0.5, 1.0, 1.5 and 2.0 mm (Fig. 1).
Bone was considered as a linear elastic material, with
non-homogeneous properties related to its density (Rice
et al., 1988; Schaﬄer and Burr, 1988), which was derived
from the CT data. Implant and cement were homogeneous linear elastic bodies (implant: E = 500 MPa,
m = 0.4; cement: E = 2000 MPa, m = 0.3). The cement–
implant interface was fully bonded, whereas at the
bone–cement interface two cases were considered: fully
bonded and fully debonded. In the latter case perpendicular and tangential micromotions were allowed at this

Fig. 1. Cut view of the scapula (in the plane of the glenoid) showing the glenoid component implanted with four diﬀerent thicknesses of the cement
mantel.
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interface, and a friction coeﬃcient of 0.6 was considered
(Walker, 1977; Ramaniraka et al., 2000).
The scapula was rigidly ﬁxed at the insertion points
of the trapezius and rhomboideus muscles and at some
points of its anterior side, which corresponded to the
contact with the thorax (Buchler et al., 2002). On the
glenoid surface, two force amplitudes were considered:
400 N, which corresponded to the maximal glenohumeral force during abduction (van der Helm, 1994),
and an arbitrary moderate force of 100 N. In addition,
two force locations were considered: concentric and
eccentric (Fig. 2). The distribution of the force over
the surface was derived from the Hertz theory for nonconforming surfaces in contact (humeral implant radius:
26 mm).
The scapula was discretized with second order tetrahedral elements, and the cement and implant with linear
hexahedral elements (Fig. 2). The size of the elements
was maintained below 1 mm near the interface, which
generated over 60,000 elements for the scapula, 7000
for the cement and 6000 for the implant, resulting in
over 500,000 degrees of freedom. Static non-linear stress
analyses were performed with Abaqus 6.3 (Hibbitt,
Karlsson and Sorensen, Inc.), allowing for largedisplacement eﬀects and contact nonlinearities. The
bone–cement interface was either restrained or allowed
to debond (and slip). Several mechanical quantities were
calculated near the bone–cement interface: the maximum (tensile) and minimum (compressive) principal
stress within the cement mantel, the Von Mises stress
within the underlying bone (adjacent to the interface),
the pressure (and tension), shear stress, perpendicular

Fig. 2. Finite element mesh of the prosthetic scapula with a detail view
of the glenoid component and cement mantel. Black points on the
glenoid surface represent the centre of the concentric and eccentric
load distributions.

(debonding) and tangential (slipping) micromotions at
the bone–cement interface. Peak values and spatial
distributions were considered.

3. Results
The results were obtained for the maximal and moderate force, in the four diﬀerent cases: concentric force
and bonded interface, eccentric force and bonded interface, concentric force and debonded interface, and
eccentric force and debonded interface. They are presented successively for the cement mantel, the underlying bone, and the bone–cement interface, only for
the maximal force. For sake of simplicity, only peak values of stresses and micromotions are represented graphically (Figs. 4–7). To verify that the stress concentration
was smoothly and continuously distributed over several
elements rather than on a single node (numerical singularity), the contact pressure distribution at the bone–
cement interface is displayed (Fig. 3).
3.1. Cement mantel
In all four cases, there was a stress increase as cement
thickness decreased from 2.0 to 0.5 mm (Fig. 4). The
eccentric loading induced an increase of both tensile
(+20 MPa) and compressive (+15 MPa) stress. The debonding of the bone–cement interface had almost no
eﬀect. In the concentric case, the stress distribution
was symmetric (about the frontal plane), and stress

Fig. 3. Distribution of the contact pressure at the bone–cement
interface, for the concentric force and bonded case, with 2 mm of
cement thickness. This detail view conﬁrms that, although the stress
concentration was restricted to a small region (anterior inferior corner
of the keel), it was smoothly and continuously distributed over several
elements of the mesh.
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Fig. 4. Peak values of maximum principal stress (square) and the
minimum principal stress (circle) within cement.
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There was a global increase of the interfacial stresses
as thickness decreased from 1.0 to 0.5 mm (Fig. 6).
From 1.0 to 2.0, there was an increasing trend. In the
bonded case, shear stress was only slightly modiﬁed by
cement thickness. The eccentric loading increased pressure, tension and shear stress. Debonding induced a signiﬁcant increase of pressure (+12 MPa) and a slight
decrease of shear stress ( 1 MPa) in the concentric case,
but increased both pressure (+6 MPa) and shear
(+6 MPa) in the eccentric case. In the concentric case,
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3.2. Underlying bone
There was a minimum of Von Mises stress between
1.0 and 1.5 mm of cement thickness in all cases, except
for the eccentric/bonded case, for which stress was
almost constant (Fig. 5). Stress increased drastically
with eccentric loading (+25 MPa), and only slightly with
interface debonding. In the concentric case, the stress
concentration was mainly located at the keel tip, but
also along the back–keel edges as thickness decreased;
it was located at the posterior side of the back in the
eccentric case.
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Fig. 5. Peak values of Von Mises stress at the underlying bone surface.
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concentration was mainly located along the back–keel
edges; in the eccentric case, stress concentration was located at the posterior side of the back. In all cases, peak
stress was located in a small volume fraction (3% volume above 5 MPa).
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Fig. 6. Peak values of pressure (circle), tension (square) and shear
(diamond) stress at the bone–cement interface.

the stress concentration was mainly located at the keel
tip, but also at the back–keel edges as thickness decreased; it was located at the posterior side of the back
in the eccentric case. Micromotions were evidently only
nonzero in the debonded case. In the concentric case,
they were moderate and almost constant, whereas in
the eccentric case, they were very important and
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Fig. 7. Peak values of perpendicular (square) and tangential (diamond) micromotions at the bone–cement interface.

increased regularly (Fig. 7). In the concentric case,
perpendicular micromotions (debonding) were clearly
located at the anterior and posterior side of the keel,
while tangential micromotions (slipping) were located
more or less around the keel. In the eccentric case,
micromotions were located at the anterior side of the
back.
3.4. Summary of the results
Within cement, increase of cement thickness induced
a continuous decrease of stress. Within bone, and at the
bone–cement interface, there was a stress decrease from
0.5 to 1.0 and a increase from 1.0 to 2.0, suggesting a
minimum between 1.0 and 1.5 mm of cement thickness.
The eccentric loading, as well as the debonding of the
interface, induced an overall increase of stress. Tangential micromotions remained moderate and almost constant in the concentric case, but were excessive and
increasing in the eccentric case. Peak stress was at the
keel tip, but also along the back–keel edges as cement
thickness decreased. Micromotions were at the keel
faces in the concentric case, but under the back in the
eccentric case. In the case of the moderate force, which
was not presented above, all values were more or less
four times lower.

4. Discussion
The objective of this study was to evaluate the inﬂuence of the cement thickness on the primary and longterm stability of the glenoid component after total
shoulder arthroplasty. By means of a ﬁnite element
model of a scapula including a prosthetic glenoid, the
stresses within cement, underlying bone and at the
bone–cement interface were analysed, for a perfectly
bonded bone–cement interface and for a completely
loose one. A concentric and eccentric (posterior) loading
were simulated. The inﬂuence of the cement thickness on
the glenoid stability has been conﬁrmed, and an optimal
value between 1.0 and 1.5 mm has been identiﬁed.

Two diﬀerent quantities were used to estimate the
failure (facture) of bone and cement. Bone is widely regarded as a ductile material, particularly in compression
(Yeh and Keaveny, 2001), while cement is clearly a brittle material. For ductile materials, Von Mises stress is
the criterion traditionally used to predict failure, which
occurs when Von Mises stress equals the ultimate
strength. For brittle materials, failure takes places when
the maximal or minimal principal stress exceeds the ultimate strength in tension or compression respectively. At
the bone–cement interface, the stress tensor was naturally decomposed into its perpendicular and tangential
contribution relatively to the boundary surface. In addition, the perpendicular contribution was separated into
the inward (pressure) or outward (tension) direction,
since cement is stronger in compression (100 MPa)
than in tension (30–50 MPa).
A special attention was paid to avoid numerical artefacts caused by sharp corners or a coarse mesh. All
edges of the bone–cement interface were rounded and
at least six elements were used along this 90 arc circle,
avoiding therefore angles greater than 15 (Fig. 3). Linear hexahedral element would have been well suited for
the whole model; unfortunately, it was too diﬃcult to
accurately ﬁll in the complex geometry of the scapula
with this element shape. This problem was solved by
using tetrahedral elements, for which automatic algorithms can ﬁll in any geometry. As linear tetrahedral elements are not usually as good as linear hexahedral
element, particularly when contact is involved, second
order tetrahedral elements were used, as recommended
by Abaqus for contact problems. Finally, hexahedral
elements were used for the cement and implant, and second order tetrahedral elements for the scapula. The
mesh reﬁnement was based on simple rules rather than
a convergence study. For the cement mantel, at least
two layers of elements were used. The global meshing
reﬁnement of the cement was then constrained in such
a way to avoid, as much as possible, excessive distortion
of the ideal cubic shape of hexahedral elements (Fig. 2).
The meshing of the implant was continuous with the one
of the cement, sharing the same node location at the
adjacent surfaces, and resulting in a similar element size
(0.25–1.0 mm). The same rule was applied to the scapula: a similar nodes density (and element size) was used,
at least at the bone–cement interface, although it was
not possible to require that all nodes of the bone resection surface share the same location than the nodes of
the cement, since bone was ﬁlled in with tetrahedral
elements and cement with hexahedral elements.
The predicted values for cement stress were within the
same range of other similar FE studies: 6 MPa (Lacroix
et al., 2000), 1.3–1.4 MPa (Couteau et al., 2001), 4–
6 MPa (Murphy et al., 2001), 1–10 MPa (Gupta et al.,
2004). However, the observed cement stress decrease
as cement thickness increase was contrary to the only

A. Terrier et al. / Clinical Biomechanics 20 (2005) 710–717

study that discussed this eﬀect (Couteau et al., 2001), by
doubling the cement thickness from 2–4 to 4–8 mm,
which is quite high. This huge cement thickness may
have required a resected surface that was much closer
to hard cortical bone, also requiring a larger removal
of the subcondral bone. Therefore, glenohumeral force
was transmitted more directly to the cement, which
was much more in contact with harder bone, inducing
a harder contact, and thus a higher stress within the cement. This eﬀect may have been accentuated by the
mechanical properties used for cortical bone, which
had a uniform and quite high stiﬀness (16,000 MPa)
compared to usually accepted values (8000 MPa). This
hypothesis may be conﬁrmed by the relative decrease
(10%) of the overall displacement of the cement that
they obtained for the thicker cement layer. Finally, the
relationship between cement stress and cement thickness
observed in the present study was also reported for femoral cemented stems (Lee et al., 1993; Estok et al., 1997;
Ramaniraka et al., 2000; Schmolz et al., 2000; Ayers and
Mann, 2003).
Cement compressive and tensile stress were far below
ultimate strength (Lewis, 1997). However, since loosening has been related to cement debris (Topoleski et al.,
1990), resulting from cement micro-cracks, one may
consider here a fatigue failure criterion. Following the
developments of Krause et al. (1988), Murphy and Prendergast (2000) obtained a relationship between maximum principal stress and probability of survival to
failure for hand-mixed cement, for 10 million cycles.
According to their theory, a stress higher than 4 MPa
would result in a probability of failure lower than
75%. In the same way, Davies et al. (1988) reported a
Weibull fatigue life of about 245,000 cycles at 7 MPa
and 1600 at 15 MPa, for uncentrifugated cement and
trabecular bone. According to these experimental studies, 5–7 MPa is a generally accepted value for microcracks initiation within cement (Lacroix et al., 2000).
In the concentric case, tensile stress exceeded this value
when cement thickness was below 1 mm; in the eccentric
case, tensile stress was always above it.
Within bone, Von Mises stress was also far below the
bone ultimate strength, which was calculated locally
from bone density (Rice et al., 1988). Even in the most
unfavourable case (eccentric/debonded/2 mm), bone
stress remained below the ultimate strength, as observed
by Lacroix et al. (2000). Contrary to the cement, there
was an increase of the stress as cement thickness increased above 1.0 mm, which conﬁrms previous 2D
(Stone et al., 1999) and 3D (Couteau et al., 2001) models.
Interfacial strength measurements at the bone–
cement interface are reported between 2 and 40 MPa
(Mann et al., 1997). Mechanical tests of interfacial tensile strength between cement and trabecular bone under
pure tension were reported in the order of 7.5 MPa
(Kusleika and Stupp, 1983). Another experimental study
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reported a shear strength between 1 and 6 MPa, according to the amount of the interdigitated bone and bone
density (Mann et al., 1997, 1999). More speciﬁcally,
pull-out strength measurements of glenoid component
pegs (Nyﬀeler et al., 2003) provides a rough estimate
of 3 MPa for the shear strength of the bone–cement
interface. Based on a Hoﬀman criterion, Gupta et al.
(2004) used the Hoﬀman number (Huiskes and van Rietbergen, 1995) to analyse the failure of the fully bonded
bone–cement interface of a keeled glenoid implant. They
derived a shear strength between 3.8 and 6.9 MPa, a tensile strength between 2.4 and 4.4 MPa, and a compressive strength between 4.6 and 8.9 MPa. According to
the interface failure strengths reported above, the interfacial peak stress obtained here were close to these limit
values, and we conﬁrm that the bone–cement interface
was likely to fail (Couteau et al., 2001; Gupta et al.,
2004), at the tip of the keel, as noted by Gupta et al.,
but also along the back–keel edges when cement thickness was below 1.5 mm. The eﬀect of cement thickness
on interfacial stress was moderate, although there was
a minimum of interfacial stress between 1.0 and
1.5 mm of cement thickness.
In the extreme situation of full debonding (implant
loosening), tangential micromotions remained close to
the limit (20 lm) for bone ingrowths and implant stability (Jasty et al., 1997) in the concentric case. This value
was largely exceeded in the eccentric case, promoting
ﬁbrous tissue formation and the implant loosening
process. Moreover, when the implant starts to debond,
cement particles, resulting from cement micro-fractures,
may migrate towards regions of high slipping and accentuate the eﬀect of the micromotions on ﬁbrous tissue
formation (Goodman, 1994; Aspenberg and Herbertsson, 1996). In the case of the eccentric load, the debonding was located at the anterior plate, and can be clearly
interpreted as a sign of the well-known rocking-horse
eﬀect.
In summary, this study has demonstrated that a cement thinning weakens the cement mantel by increasing
its stress up to fatigue failure. Moreover, below 1.0 mm,
excessive peak stress appeared at the bone–cement interface, around the back–keel edges. Conversely, a thickening of the cement mantel rigidiﬁes the cemented implant,
consequently increasing the stress at the bone–cement
interface, but also within the underlying bone. To avoid
both excessive cement fatigue and failure of the bone–
cement interface, an ideal value of 1 mm was identiﬁed.
In the case of the moderate force, the mechanical behaviour was similar, but the limit values were not exceeded.
This numerical study presents some limitations. A
healthy shoulder was used for this study instead of an
osteoarthritic one. However, a diﬀerent bone density
would mainly change bone and bone–cement interface
strength, but not the tendency observed here. Results
were obtained for a speciﬁc (keel and ﬂat) glenoid
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implant design; we may however assume that the same
mechanisms would occur for peg or convex implants.
The cement, which was idealized by a layer of uniform
thickness with rounded edges at the bony side, may have
a much more complex geometry. The microstructure of
the bone–cement interface may however be represented
by the macroscopic interfacial strength, which depends
on the penetration depth of the cement. Actually, the cement may spread into the trabecular bone and form a
large cement block around the keel, especially with osteopenic glenoids. This was reported by an in vitro study
(Nyﬀeler et al., accepted for publication), which used
high resolution micro-CT to analyze the cementation
around pegged glenoid components. This study showed
that the cement layer between the back of the implant
and the subcondral bone was between 0 and 2 mm, and
not always complete. Around the pegs, the cement mantel was complete, and in most cases cylindrical with a
wall thickness between 0.3 and 1.3 mm, except in one
osteopenic specimen where the cement penetrated into
the cancellous bone and formed a big cement block ﬁlling
out the whole inferior half of the glenoid.
Only two extreme cases of interface adhesion were
considered: fully bonded and fully debonded. In reality,
loosening is a continuous process involving a continuous
decrease of the failure strength of the interface, caused
by ﬁbrous tissue formation and bone resorption; these
biological processes were not included here. However,
even if the implant does not eventually fully debond,
one may assume that the fully debonded case gives a
rough estimate of the location and peak stress and
micromotion. This method is of course a simpliﬁcation
of the continuous debonding process, which would require to be modelled by an evolution law, and not only
by the initial and ﬁnal state of the evolution. In the loose
case, the friction coeﬃcient corresponded to cortical
bone and may be higher for trabecular bone; however,
it may be consistent when compaction of trabecular
bone is performed before implantation.
Only two loading cases were considered here. However, they are relevant for the activities of daily living.
The force amplitude corresponded to an unloaded arm
at 90 degrees of abduction (van der Helm, 1994). The
concentric case should be related to the abduction in
the scapula plane with an ideal glenoid component
alignment, while the eccentric case could be related to
anteﬂexion (van der Helm, 1994), but also to a glenoid
misalignment. It was indeed demonstrated that retroversion of the glenoid component, which is frequently reported (Walch et al., 1999), shifts the contact point
towards the posterior rim of the implant (Nyﬀeler
et al., 2000; Farron et al., 2004).
The present study is based on a ﬁnite element model
that was not validated against speciﬁc experimental measurements. However, the material properties for bone
and some of these numerical results can be compared

to other experimental studies. The apparent density of
cancellous bone in the glenoid, which was derived from
CT, was found between 0.3 and 0.6 g/cm3. According
to the relation that we used, it corresponded to an elastic
modulus between 170 and 500 MPa. For cortical bone,
the same method gave an elastic modulus between 4000
and 8000 MPa. These values are in agreement with
experimental measurements (Frich et al., 1997; Mansat
et al., 1998; Anglin et al., 1999), and are also consistent
with other models (Orr et al., 1988; Stone et al., 1999;
Lacroix et al., 2000; Murphy et al., 2001). Using similar
mechanical properties for bone, cement and polyethylene, the principal stress within cement were in the same
range than other 3D FE models (Lacroix et al., 2000;
Murphy et al., 2001; Gupta et al., 2004). In a cadaver
study, strain measurements were performed at four locations of the scapula, implanted with a similar glenoid
component, and under a concentric 700 N load (Barea,
1998). Since strain measurement were quite diﬀerent
for each tested scapula, a strict comparison with our
model was impossible. However, the maximal measured
strain (680 · 10 3) was on the same order than the strain
(300–1500 · 10 3) calculated approximately at the same
locations and directions. In another cadaver study, the
medio-lateral strain at the keel faces of a similar glenoid
implant were measured, with very close loading conditions: a 400 N concentric force and a prescribed anterior–posterior translation (Karduna et al., 1998). For
4 mm of radial mismatch (which corresponds to our
model), 2.2 · 10 3 was measured in compression and
1.3 · 10 3 in tension. These experimental values are relatively close to the values obtained by our model, in
the same location and direction: 1.5 · 10 3 in compression and 1.0 · 10 3 in tension.
The clinical relevance of this study is clear: cement
thickness is a key factor in glenoid component loosening, and consequently to the survival rate of total
shoulder arthroplasty. Furthermore, results suggest an
optimum cement thickness between 1.0 and 1.5 mm.
Practically, in order to achieve this constraint as much
as possible, we would recommend to ﬁll in any glenoid
bone defects (at the bone resection surface) with bone
graft, and/or perform a bone compaction before the
cement insertion, to prevent cement to form large blocks
around the implant. Moreover, future developments of
new glenoid implants and associated instrumentation
should be designed on the basis of a minimum 1.0 mm
cement thickness, even if it may not be fully controlled.
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