Repeatability and contact stress gradient detection

of sealed pressure-sensitive film when used in a
physiological joint model
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Abstract: Sealed pressure-sensitive film is frequently used to record contact characteristics in
physiological joints. However, the effect on the pressure-recording characteristics of sealing the
film when used in these circumstances has never been studied. This study compares the
coefficient of variation, the standardized coefficient of variation, the tangent and secant contact
stress gradients, and the actual pressures between unsealed and sealed Fuji film, in a simplified
physiological joint model with a full-thickness surface defect. Unsealed film and sealed film
were loaded through a range of nominal loads and the resulting stains were analysed by use of
custom-made macros for the Image] image-processing program. The coefficient of variation
did not exceed 5.7 per cent (sealed film), and the standardized coefficient of variation did
not exceed 1.8 per cent (unsealed and sealed film). Contact stress gradients did not differ
significantly. The recorded pressure at the level of surface defects was always about 0.2 MPa
higher in the case of sealed film, and therefore predictable. It is concluded that sealing the film

will not change the pressure-recording characteristics.
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1 INTRODUCTION

Intra-articular incongruities are considered to be an
important cause of early osteoarthritis, or at least
of lasting complaints and functional impairments.
Clinically present as step-offs in the hyaline cartilage
layer, these incongruities can be caused both by
intra-articular fractures and by various types of joint
surface defect [1, 2]. Recently, promising methods to
treat joint surface defects have been developed, such
as autologous osteochondral grafts and autologous
chondrocyte implantation. However, both methods
rely on the use of a donor site located in a ‘lesser
weight-bearing area’ of the index joint or of another
(healthy) joint [3-8]. Donor site morbidity is increasingly
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reported and its long-term outcome is uncertain [5,
9, 10]. To minimize donor site morbidity, studies to
locate the most appropriate lesser weight-bearing
area are mandatory. Therefore, determining the
change in contact characteristics caused by intra-
articular incongruities remains an important issue
in biomechanical research.

Although some new methods are promising, Fuji
pressure-sensitive film (FF) remains the technique of
choice to perform this research. In particular, when
the focus is on local detail, FF has its place [11].
Considering its thickness and E modulus, inserting
FF into a joint space will inevitably change the
various contact characteristics [12-14]. Further-
more, the presence of body fluids interferes with
the stain-producing mechanism, indicating the need
to produce fluid-proof packets [15]. Sealing will
inevitably render the film stiffer and less able to
adapt to joint surface incongruities, but only two
papers have reported on the possible effects on
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repeatability and pressure-recording characteristics,
and the used bench-top characteristics do not
resemble those found in a physiological joint [12,
15]. Indeed, Hale and Brown [12] advised investiga-
tors using other grades of FF or targeting another
application, to perform their own bench-top studies.

To the present authors’ knowledge, this is the first
formal report on the performance of sealed FF in a
model simulating a physiological joint with the
presence of a joint surface defect. The goal of the
present study was to compare the coefficient of
variation (COV), the recorded contact stress gradi-
ents, and the recorded pressures for unsealed and
sealed FF in a simplified physiological joint model.
The study hypothesis was that sealing the FF would
not importantly change the recording characteris-
tics.

2 MATERIALS AND METHODS

2.1 Physiological joint model

A simplified tibiotalar joint model was constructed.
The bony component was represented by a rigid
body, the cartilage by a layer 2 mm thick of natural
rubber (Luna Para; Eriks Belgium, Antwerp, Belgium;
the manufacturer estimated the hardness to be
approximately Shore 40 A), glued on the curved
surface of the former. The choice of rubber was
based on earlier reports [16, 17] and is in agreement
with the results of the present authors’ preliminary
tests (tensile E modulus, Luna Para, 1.06 MPa;
unconfined compression E modulus, Luna Para,
8.25 MPa; E modulus, ankle joint cartilage ranges,
0.25-20.4 MPa [18-21]).

The model consisted of two parts: a convex part
and a concave part. The parts were 39 mm long, and
35mm wide and had a radius of 31 mm [22-24]. A
full-thickness defect was created in the rubber layer
centrally on the apex of the convex component,
sized 12 mm x 7 mm [25, 26], with the long axis of the
defect perpendicular to the long axis of the compo-
nent. To create reference points on the stains
resulting from the experiments, four small beads
(diameter, 0.8 mm) were nearly completely sunk into
the rubber layer of the convex component.

To prevent imprecise repositioning of both com-
ponents, they were glued to a base plate to be
clamped in the testing machine, in order to obtain
a uniaxial movement in distraction—-compression.
Between the components and the base plate a
compliant layer was added to reduce eccentric
loading effects. To overcome a different amount of

creep of rubber into the defect at higher loads, with
differing defect sizes when comparing unsealed and
sealed film, a second convex component was made
entirely of the same metal as the rigid body, with the
aforementioned surface defect machined.

2.2 Testing machine and loading regimen

All tests were performed on an Instron 4505 uni-
versal testing machine with a 100kN load cell
(Instron, Norwood, Massachusetts, USA). The load-
ing regimen consisted of a preload of nominally 5N,
a 1 min linear ramp up to the desired nominal load, a
1min hold at nominal load, and a 1 min linear ramp
down to the initial preload. Six different loads (400 N,
800N, 1200 N, 2000 N, 3200 N, and 4000 N) were ap-
plied, corresponding to a range of loads from 0.5 to
5 times the body weight of a 80 kg individual.

2.3 Choice, preparation, and analysis of the
pressure-sensitive film

As pressure-sensitive film, Fuji Prescale Film (Fuji
Photo Film Co., Tokyo, Japan) was selected. Pre-
liminary tests showed that super low film (LLW; 2
sheets type; range, 0.5-2.5MPa) best covered the
pressure range obtained. Tegaderm® (3M, St Paul,
Minnesota, USA) was used as sealing agent (poly-
urethane membrane coated with a layer of an acrylic
adhesive, double-layer thickness, 0.095mm). Pre-
paration of the FF and construction of the sealed
units were carried out as described by Liggins et al.
[15]. Temperature and relative humidity (RH) were
checked regularly during testing and the test cycle
was aborted for changes exceeding +3 °C or +3 per
cent RH. If artefacts were immediately apparent to
the naked eye, the stain was discarded and a new
loading cycle performed. Because of the time
restraints on Instron machine use, the stains were
digitized 30h after development. The C-film was
scanned in 8-bit grey values at 300 dots/in, creating
pixel values between 255 (completely white; un-
stained on the film) and 0 (completely black).
Scanning was performed with a HP scanjet 2200C
flat-bed scanner (Hewlett-Packard, Palo Alto, Cali-
fornia, USA). Digital images were further stored and
analysed on a personal computer running Image]J,
version 1.35i (NIH, USA). To perform all analyses,
custom-made macros were used.

To study the repeatability of sealed FF, the COV
(per cent) (= [standard deviation (SD)/mean] x 100)
and the standardized coefficient of variation (SCV)
(per cent) (= COV (per cent)/[(population SDx4)/
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mean]) of the mean pixel value of the stains were
calculated. Tests were performed in triplicate using
both types of convex component. The mean pixel
value was obtained from a standardized rectangular
region of interest, 252 pixels wide and 385 pixels
long. This rectangle was positioned uniformly on the
stain using the upper-left tantalum bead or the
centre of the defect as reference point, in the case
of the rubber-lined part and the full metal convex
part, respectively (upper-left corner of the rectangle
positioned 15 pixels under the centre of the mark of
the bead, or the centre of the region of interest
positioned at the centre of the defect) (Fig. 1).

The contact stress gradient detection and the
recorded pressure at the centre of the defect were
determined using five sets of test cycles performed
in duplicate using the full metal convex component.
The pressure gradient pattern at the edge of the
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defect was determined by scanning the stain
perpendicular to the long axis of the defect over a
length of 100 pixels before and 100 pixels beyond the
defect. To minimize pixel-to-pixel variation, ensem-
ble averaging [12] was performed using the centre 65
pixels lying along the x axis. All pressures were
calculated by means of the equation describing the
corresponding calibration curve.

The maximum detectable gradient was quantified
in two numbers, in accordance with the work of Hale
and Brown [12]. The first is the local derivative of the
pressure profile and is called the ‘tangent gradient’;
the second is the slope of a line connecting two
extrema in the pressure profile and is called the
‘secant gradient’.

The maximum gradients detected in each test were
calculated in the MATLAB programming envir-
onment (The Mathworks, Natick, Massachusetts,

(b)

Fig. 1 Representative stains obtained by loading unsealed super low-grade FF, using the
physiological joint model with both convex components (covered by rubber and the full
metal convex component), respectively. The position of the region of interest used to
determine the mean pixel value is shown: the upper-left corner of the rectangle is
positioned 15 pixels under the centre of the mark of the bead, or the centre of the region
of interest is positioned at the centre of the defect
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USA). First, the pressure profiles calculated from the
ensemble-averaged pixel grey values were read
in. Pressure values over 3.0MPa were discarded.
Tangent gradients were calculated from the remain-
ing pressure data as finite differences between sub-
sequent pixels. The defect region, which was easily
identifiable from the pressure profile, was isolated
by manual selection; the minimum and the two
maxima were detected automatically. Secant gradi-
ents were calculated from two lines connecting the
minimum with the maxima.

2.4 Creation of a calibration curve and
calculation of the recorded pressures

For each new test cycle, a corresponding calibration
curve was created. Therefore, unsealed FF and sealed
FF were exposed to 13 different loads correspond-
ing to a pressure range 0.25-3 MPa. The calibration
device consisted of a baseplate and a punch
(diameter, 24.3mm) with a very finely polished
surface, mounted on the Instron machine as
mentioned above with the use of a baseplate and
a compliant layer in between. After exposure, the
developed stains were handled as already men-
tioned. The region of interest in the stain consisted
of a circle with a diameter equal to that of the
punch, located with its centre at the centre of the
stain. The calibration curve was constructed by
fifth-order polynomial regression [27]; the coeffi-
cients of the corresponding equation were calcu-
lated using the REGRP function of the matrix linear
algebra package for Excel, MATRIX.XLA Verl.6
(Foxes team, Rome, Italy).

2.5 Statistical analysis

Comparison of both pressure gradients between
unsealed FF and sealed FF was made by the two-

tailed paired-sign test. P values less than 0.05 were
considered significant. The SPSS statistical software
program (SPSS Inc., Chicago, Illinois, USA) was used.

3 RESULTS

Figure 1 shows representative stains obtained by
loading unsealed film using both convex compo-
nents. The COV and SCV calculated for both types of
set-up are shown in Table 1. Considering all values,
the highest COV was 5.7 per cent, and the highest
SCV was 1.8 per cent.

Figure 2(a) shows a representative pressure profile
measured across the centre of the defect. Sealed film
shows a trend to record a slightly higher pressure
than unsealed film does, but the pressure lines
register the same shape of pressure profile. The
calculated contact stress gradients are shown in
Table 2. Comparison between unsealed film and
sealed film yielded p = 0.063 for the tangent gradient
and p = 0.375 for the secant gradient. At the centre of
the defect, the pressure never fell to zero and
increased consistently with increasing load. Sealed
film did record higher pressures than unsealed film
consistently, but the difference was shown to be
constant at about 0.2 MPa (Fig. 2(b)).

4 DISCUSSION

In this study, the authors were able to demonstrate
that super low-grade FF, sealed with Tegaderm®
shows an acceptable COV and SCV when tested in a
set-up with a curved surface and a layer of compliant
material at the contact area. At every nominal load,
these values are in the same range as those of
unsealed film. Concerning the contact stress gradi-
ents, no statistical difference could be detected.
Furthermore, sealed film yields a pressure profile of

Table 1 COV and SCV values obtained after loading of super low-grade FF. The film was loaded in a physiological
joint model consisting of a convex and a concave component. All tests were made in triplicate

Value (%) for the following loads

400N 800N 1200N 2000N 3200N 4000N

Both components rubber covered

COV, unsealed 0.1 0.7 0.6 3.2 0.7 2.1
COV, sealed 0.5 0.7 1.2 3.4 3.2 5.7
SCV, unsealed 0.1 0.5 0.5 1.8 0.2 0.5
SCV, sealed 0.3 0.6 0.9 1.8 0.9 1.3
Convex component fully in metal

COV, unsealed 0.2 0.0 0.6 0.4 1.3 1.5
COV, sealed 0.2 0.2 0.5 0.1 0.8 1.2
SCV, unsealed 0.2 0.0 0.5 0.2 0.5 0.5
SCV, sealed 0.2 0.2 0.4 0.1 0.3 0.4
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Fig. 2 (a) Representative pressure profile measured
across the centre of the defect while loading the
full metal convex component of the physiolo-
gical joint model (S, sealed film; NS, unsealed
film). (b) Contact pressure measured at the
centre of the defect (S, sealed film; NS, unsealed
film). The sealed film recorded higher pressures
than the unsealed film consistently, but the
difference was shown to be constant at about
0.2 MPa

a similar shape to that resulting from unsealed film
at the level of a full-thickness surface defect. How-
ever, sealed film consistently registers a slightly
higher nominal pressure, but the difference can be
considered constant.

Some limitations of this study are evident. First,
although the compliant layer simulating the articular
cartilage was chosen to match the biomechanical
properties of the latter, these properties were not
taken into account when choosing the material for

the rigid body. Second, the contact surface was
curved in only one direction. However, a multi-axial
curved surface would have induced inevitable crin-
kle artefacts, making the exact analysis of the stains
much more difficult or even unreliable. Third,
considering the need for an actual defect of fixed
size when testing at different nominal loads with
both unsealed and sealed film, it was necessary to
use a full metal convex component for certain tests.

A maximum COV of 5.7 per cent was found, using
sealed film at the highest load regimen. All other
COVs in this set-up did not exceed 3.4 per cent.
When testing the full metal convex component, the
maximum COV was 1.5 per cent. In all the test series,
the COV showed a trend of higher values at higher
loads, as also observed by Liggins et al. [15]. This can
easily be explained: at higher loads the correspond-
ing mean pixel value will be lower and, therefore, the
same absolute error will result in a higher COV.
Therefore, the SCV was also calculated and was
shown to be relatively constant, indicating an equal
repeatability of the film itself at each load.

However, it is acknowledged that equivalence
of variation was not proved. Such proof would,
depending on the specific definition of an ignorable
difference in variation, and based on a power ana-
lysis, need a number of replications beyond practi-
cal limitations. Therefore, only the observed indices
of variability were reported, to explore if they are in a
comparable range.

Furthermore, the contact stress gradients and the
pressure profile of unsealed FF and sealed FF were
compared. Although a trend for sealed film to have a
lower tangent contact stress gradient was present,
the difference has no proven statistical significance.
The secant contact stress gradient did not show a
significant difference either. Similarly shaped pres-
sure profile plots were observed, although the sealed
film showed a trend to record a slightly higher
pressure. Recording a pressure at the level of the
defect is highly suggestive for direct physical contact
between the intact rubber layer of the concave

Table 2 Calculated maximum tangent and secant contact stress gradients after loading of super low-grade FF. The
film was loaded unsealed and sealed in a physiological joint model consisting of a convex and a concave

component

Maximum tangent contact stress gradient (MPa/mm) Maximum secant contact stress gradient (MPa/mm)

Unsealed Sealed Unsealed Sealed
Series 1 6.567 5.539 0.667 0.825
Series 2 10.816 7.545 0.797 0.687
Series 3 10.535 6.108 0.824 0.747
Series 4 10.672 8.339 0.795 0.772
Series 5 7.801 7.192 0.947 0.724
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component and the bottom of the defect. Incursion
of rubber in the defect can be explained by con-
comitant deformation of the edges of the defect
and of the overlying intact surface of the concave
component. Such a phenomenon is reported to
occur when modelling step-offs of the tibial plateau,
and when loading rabbit knees [28, 29]. However,
even if a formal contact at the bottom of the defect is
not present, the smallest amount of incursion will
create a load upon the interjacent FF unit that will
be recorded as a certain amount of pressure. The
recorded pressures at the centre of the defect were
consistently higher by 0.2 MPa for sealed film. This
can probably be explained by the higher stiffness of
the sealed units of film, which requires a greater
force to bend the film into the defect. Nevertheless,
the constant value of this effect makes it predictable.

It is concluded that the repeatability and contact
stress gradient detection of sealed units of super
low-grade FF can be considered similar to those of
unsealed film, when used at a curved contact area
and in the presence of a full-thickness surface defect.
However, considering the already reported influence
on the recorded pressures by inserting FF in articular
joints [13], care has to be taken when interpreting
the obtained results.
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