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Fuji Prescale pressure-sensitive film 
(Fuji Photo Film Co .• Ltd .• Tokyo. Japan) allows pressures 
between 0.2 and 130 MPa to be recorded, using five film 
grades (ultra-super-low, super-low, low, medium and high); 
each grade covers a different pressure range. With the excep­
tion of high-grade film, Fuji film is supplied in two sheets 
(the A- and C-films); interface pressure causes fluids to be 
released from microscopic bubbles on the surface of the A­
film. which react with an active layer on the surface of the 
C-film to produce a pink stain. ' ·2 For high-grade film, the A­
and C-film materials are superimposed on the surface of a 
single sheet. For pressures between the upper and lower 
threshold-values. the optical density response of the film can 
be calibrated with respect to the applied pressure.1.2 It should 
be noted that the optical-density response of Fuji film is also 
temperature-, humidity- and load-rate dependent; these factors 
have been discussed previously.2 

The manufacturer provides calibration charts and color­
samples, which can be used to convert optical-density read­
ings into pressure; these readings are made either visually, or 
via an (optional) optical densitometer (article# FPO 301). The 
limitations of this J;:>p~()ach I have prompted the development 
of digital imaging techniques, both to calibrate Fuji film re­
sponse (for temperature, humidity and load-rate effects) and 
then to convert subsequent test-stains into full-field pressure­
maps.I.3-6 

In our previously described technique.1.6 25.4-mm­
diameter calibration stains are produced between two finely 
ground, hardened-steel surfaces. Loads are applied using an 
MTS 858 Bionix universal testing machine (MTS Systems 
Corporation, Eden Prairie, MN) giving a one-minute linear 
(± 0.1%) ramp up to full load, followed by a one minute hold 
at that load (± 1 N, i.e. ± 2 kPa applied-pressure) and a one­
minUet: linear ramp down to the original (10 N) pre-load. Fol­
lowing the subsequent experimental procedure for obtaining 
test stains from an interface of interest. a digital image of 
each (calibration and test) stain is captured via a CCO video 
camera and a 'PC' computer running ImagePro Plus software 
(Media Cybernetics. Silver Spring, MO). This approach re­
sults in grey-scale images consisting of O.l-mm-wide X 0.08-
mm-high pixels, each having a value between 0 (representing 
'black') and 255 (representing 'white');6 data from the cali­
bration stains are used to produce a fifth-order polynomial 
relationship between pixel-value and applied-pressure. ,·6 

To produce a false-color pressure map from the test stains, 
the working pressure range (between the upper- and lower­
thresholds of pressure response) is divided into a number of 

A.B. Liggins (SEM M~mber) is R~s~arch Engineer and 1.B. Finlay (SEM 
M~mber) is Professor. D~partm~nt of SlIrg~ry. Uni"ersit)' of Western Ontario. 

pressure intervals; 1.6 each of these intervals is given a unique 
representative color. For each pixel on a test-stain image, its 
value is used (via the fifth-order calibration relationship) to 
determine the pressure at that point; the pixel is then rewritten 
to the color corresponding to the pressure interval within 
which the calculated pressure lies.1.6 

The object of this study was to quantify the effects of an 
image-enhancement protocol on the resolution prop.;:rties of 
pressure maps produced in this manner. 

RESOLUTION PROPERTIES OF PRESSURE i\L\.PS 

The burst-bubble mechanism used by Fuji film results in stains 
composed of discrete patches of red coloration (Fig. 1 ):' conse­
quently, calibration-stain images consist of a range of pixel val­
ues, representing the single pressure at which the stain was ob­
tained. As a result, there is a limit to the number of meaningful 
pressure intervals that can be represented on any pressure map.b 
A previous study analyzed groups of six calibration stains taken 
at each of four nominal pressures across the working range of 
super-low Fuji film 6 It was found that a practical definition of 
pressure intervals could be determined from Mo ± Sp- where 
Mo was the overall mean pixel value for a group of six calibra­
tion stains and Sp was the pooled standard deviation for that 
population. 8 Applying the fifth-order calibration relationship I to 
this range of pixel values resulted in the characteristic pressure 
range Rp, for each population; the values of Rp were sub~quently 
used to define the size of valid pressure intervals across the work­
ing pressure range of the film. From this definition, reducing Sp 
would result in a reduction in Rp, and hence produce a finer 
pressure interval; thus, pressure resolution would increase due to 
an increased number of pressure intervals which could fit within 
the film's working pressure range. It was shown that this effect 
could be achieved by increasing the sample area size used to 
acquire pi."<e1-value data across the stain image.6 Therefore, it was 
concluded that the production of false-color pressure maps is a 
compromise between pressure and spatial resolution. One-pixel 
square (O.l-mm wide X 0.08-mm high) sample areas only pro­
vided four identifiable pressure intervals across the valid pressure 
range of super-low film;6 hence, when used in this manner, Fuji 
film appeared to be of limited use for small contact areas, or 
those subjected to high pressure gradients. 

IMAGE AVERAGING 

A standard image-enhancement technique for noisy images is to 
define the value of each pixel on a resultant image as being the 
average value obtained from corresponding pixels on several pos­
itionally registered (noisy) images of the same object:9 as the 
number of constituent-images increases, the effect of noise ap­
proaches zero, such that a 'clean' image is created. Similarly, it 
can be envisaged that this 'image-averaging' method would re­
duce the effect of the random granularity observed on Fuji film 
stains (Fig. I), thereby reducing Sp (see above) and increasing 
pressure resolution, for any given spatial resolution.6 
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Fig. 1-A typical 25.4·mm·diameter Fuji film calibraUon stain, pro­
duced at 1.0 MPa 

Hale and Brov.-n7 demonstrated that averagi ng data from a 
number of transverse contact-stress profiles (each representing 
the same one-dimensional stress di stribution) will result in a no­
ticeable reduction in noise caused by pixel-value fluctuations; 
however. the degree of data enhancement was not quantified. In 
addition. preliminary (qualitative) results from Liggins et al. lO 

have shown that full·field (i.e. two-dimensional) image-averaging 
will reduce the effects of random stain-disruption caused by seal­
ing Fuji film to prevent fluid damage . 

Consequently. the following work was conducted to quantify 
the full-field effects of image addition on pressure resolution. in 
terms of the number of valid pressure intervals (colors) which 
could be used for a subsequent false-color pressure map.~ 

EXPERIMENTAL PROCEDURE 

Twelve standard calibration stains were produced from super-low 
Fuji film. at pressures between 0.26 and 2.97 MPa, using the 
method described in the introduction .1.6 Six 'test' calibration 
stains (i.e,. identical to standard calibration stains) were then 
obtained for each of four nominal pressures (0.5. 1.0, 1.77 and 
2.5 MPa). using the same loading protocol; for eac h pressure. 
the corresponding stains were each given a reference number 
from one to si :(. Following a 50-hour 'development period', " a 
digital image of each stain was captured as de scribed abo\'e .I. ~-t> 

The 12 calibration-stain images provided data for the calculation 
of a fifth-order rebt ionshi p be tween pressure and pixel-value, 
using SigmaPlot software (Jande I Scientific. Cone Madera, CA). 
The remaining test stains were subjected to the following pro­
tocol. 

A 190-pixel-square 'area of inlcrcst' (AOI) was defincd within 
each stain: this size of AOI correspond ed with that used for both 
obtaining daln from calibration-stains ' and fo r previous investi­
gations of Fuji film propcnies.~·'o." A prcviously described, cus­
tom-written. computer program6 was used to read the value of 
each pixel within the AOI and store these data to a file. A simple 
random-number generator. written in Quick Basic (Microsoft 
Corporation. Redmond. WA) was used to determine me order of 
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file combination, For each set of si:< stains (i ,e .• at each of the 
four nominal pressures). si:r. groups of stain reference numbers 
were chosen; each group consisted of five (different) numbers 
between one and si:<. indicating the order of addition of the cor­
responding data flies (Fig. 2). A second computer program was 
custom written in the 'C' programming language to combine and 
average the pixel values within the data files. according to these 
groups of random numbers, If N was the number of images 10 

be combined. then the program loaded the data files correspond­
ing to the first N numbers within the given group of five (Fig. 
2);· as data within these files were traversed. the N pixel values 
corresponding to a given spatial position (on the image) were 
added and the result divided by N. prior to being stored in a new 
data fi le. Once the new data fil e was complete. a mean and stan­
dard deviation for the data of this resultant image were calcu­
lated. Therefore, for each nominal pressure, this procedure re­
sulted in five sets of six data files. where each set contained 
resultant images consisting of the same number (one. two, three. 
four or five) of individual stain images (for a total of 30 data 
files at each nominal pressure) , 

For each population of six resultant images (i.e .. at a given 
nominal pressure and number of combined stains) the overall 
mean pixel value, l'v1o, was calculated as the mean of the si:< 
individual mean pi:<el values; similarly. an overall standard de­
viation for the population. Sp. was calculated using the method 
of 'pooled variance:' The pixel values given by Mo ± 51" were 
used to calculate the characteristic pressure range. Rp, for the 
population;6 these pressure intervals were subsequently used to 
detennine .... alid pressure intervals for each number of combined 
stain images (one to five).6 

RESULTS 
Figure 3 shows the fifth-order calibration curve produced from 
the 12 standard calibration stains. Figures 4 and 5 show the over­
all standard deviation for the popJlation (Sp) and the pressure 
range (Rp) calculated from ~10 ± Sp. respectively. against the 
number of constituent stain images (N). Tab le I shows the sug-

1'1=1 

imace-Filel (or Six Stains 
Taken at the Same Pr~uure 

Random Groupin& 111 

Rftndom Groupinl #2 

Random Grouplnl 113 

Rftndom Groupin, ,4 

Rondom Groupinl It~ 

Random Groupinl 16 

Fig. 2-lmage-file selection for the production of resultant- image fjfes 
from N constituent images 
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Fig, 3-Fifth-order polynomial curve-fit for twelve standard calibration 
stains, using super/ow Fuji film at 25°C and 45% relative humidity 
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Fig, 4-Pooled standard deviation of pixel-values (S;J against number 
of constituent stainimages (N) for stains taken at 0.5, 1.0, 1.77 and 2.5 
MPa applied pressure 

gested pressure intervals (II - 18) for each value of N, as deter­
mined from the values of Rp. 

DISCUSSION 

As expected, combining stain images results in a progressive re­
duction in Sp, and hence Rp (Figs. 4 and 5); surprisingly, the 
pressure intervals determined from these results (Table I) suggest 
a simple (and convenient) general relationship whereby each ad­
ditional stain image forming the resultant image will provide an 
additional valid pressure interval. It should be noted that while 
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Fig. 5-Characteristic pressure-range (R;J against number of constit­
uent stain-images (N) for stains taken at 0.5, 1.0, 1.77 and 2.5 MPa 
applied pressure 

Sp is greater at 1.77 MPa than at 2.5 MPa (Fig. 4), in some cases 
Rp has a higher value at 2.5 MPa (Fig. 5). This seemingly unusual 
result is due to the decreasing gradient of the calibration curve 
as the stain response approaches saturation, and the correspond­
ing pixel value approaches a constant (Fig. 3); hence, smaller 
changes in pixel value will represent larger changes in pressure 
at this end of the calibration curve . 

The optical density of Fuji film stains has been shown to be 
dependent on the temperature and humidity at which the stains 
are produced.1.1 The stains used for this work were obtained at 
a mean (± SD) temperature of 25.4 ± O.2°C and a mean (± SD) 
relative humidity of 45.3 ± 2.6 percent; further analyses are 
required to assess the influence of these factors on image-addition 
characteristics. Similarly, these results were obtained using super­
low' grade Fuji film and additional experiments are required to 
assess the effect of this procedure on stain-images from the re­
maining film-grades (ultra-super-Iow, low, medium and high); 
however, due to the similar stain-forming mechanism on each 
film-grade, similar image-addition characteristics would be ex­
pected. 

Table I shows that, for example, the combination of five stain 
images provides eight pressure intervals for a one-pixel-square 
(O.I-mm-wide X O.08-mm-high) sample-area; this pressure­
resolution is equivalent to that,possible from a single stain image 
when a 2-mm-square sample-area is employed.6 Therefore, the 
image-addition technique provides a significant improvement in 
the spatial- and pressure-resolutions of subsequent pressure 
maps; however, this approach relies on the correct positional reg­
istration of stain images,9 which may lead to practical difficulties. 
To achieve this requirement, each stain can be placed at the same 
position under the video camera (or on the scanning device); 
alternatively, the associated image-processing software can be 
used to align each captured stain image as required. In either 
case, some form of (accurate) 'indexing' method is necessary to 
identify the position and alignment of the stain, thereby allowing 
accurate registration of each stain. The use of shape-recognition 
algorithms may be impractical; the granular nature of Fuji film 
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TABLE 1-SUGGESTED PRESSURE-INTERVALS, I (MPa), FOR THE ADDITION OF N STAIN-IMAGES WITH "SUPER LOW" 
FUJI FILM 

N I, 12 13 14 15 16 17 I. 

1 0.5-0.8 0.8-1.2 1.2-1.8 1.8-2.5 
2 0.5-0.8 0.8-1.1 1.1-1.5 1.5-2.0 2.0-2.5 
3 0.5-0.75 0.75-1.0 1.0-1.3 1.3-1.7 1.7-2.1 2.1-2.5 
4 0.5-0.7 0.7-1.0 1.0-1.25 1.25-1.5 UH.8 1.8-2.1 2.1-2.5 
5 0.5-0.7 0.7-<l.9 0.9-1.1 1.1-1.3 

stains can result in difficulties when attempting to define the out­
line of any particular stain to the accuracy required.2 A more 
realistic approach is to place a series of index marks on the film 
during loading, such that the film's position (and hence that of 
the subsequent stain) is defined'relative to the interface within 
which it is being loaded; these marks should be as small as pos­
sible (ideally. equivalent to one pixel on the stain image). for 
accurate determination of their positions. Index marks can be 
created on Fuji film placed within a human or animal articulating 
joint via holes drilled through one of the bones forming the joint; 
during loading. a wire or needle is pushed through each hole 
such that a small pressure stain is produced on the film.12 These 
holes are arranged such that the resulting index marks are away 
from the contact area and. therefore. do not interfere with the 
subsequent interface pressure data. Alternatively. the outline of 
one of the contacting surfaces may be traced onto the Fuji film 
(using a sharp indentor). during loading;2 this method will only 
be valid if there is little gap between the surfaces at the periphery. 
thereby allowing accurate placement of the indentor. 

Clearly. there are many potential solutions (and problems) as­
sociated with the practical addition of Fuji film stain-images; the 
appropriate solution will be largely dependent on the character­
istics of the interface under investigation and the facilities avail­
able on the image-processing software which is being used. 

CONCLUSION 
Image addition is a useful tool for detennining interface pressures 
in situations demanding greater spatial and pressure resolution 
than those resolutions possible from the analysis of a single stain 
image; such interfaces include those consisting of a small contact 
area, or those experiencing high pressure gradients. 
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Orthogonal 2-Dimensional Holographic 

Gratings 
Specially designed and manufactured. our gratings feature 
high diffraction efficiency. low noise. and excellent 
orthogonality with various frequencies. The gratings with 
low expansion at high temperatures have superb tolerance 
and are easy to separate in the process of specimen grating 
replications. 

Leading Technologies. working in conjunction with experts 
from universities. research institutes. and industries in the 
development and manufacturing process. has been 
providing quality gratings and excellent services to 
customers worldwide since 1993. and is the largest supplier 
of the gratings for moir~ interferometry applications. A 
grating replication kit and high precision vices for 
specimen preparations are also available. 

Please feel free to contact us (Ernails are encouraged to 
expedite processing) or visit our Web site for the latest 
product specifications, pricing. and ordering infonnation. 

Leading Technologies 
Web Site: 
E-mail: 
Fax: 
Phone: 
Address: 

http://www.tir.comJ-LeadingT 
lendingt@tir.com 
313-454-7118 
313-454-6575 
46148 Registry Dr .• Canton 
Michigan 48187, USA 


