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T0: Dr. Clifford J. Astill
Program Director, Solid Mechanics Program
Engineering Mechanics Section
Engineering Division
National Science Foundation
Washington, D.C. 20550

FROM: John W. Melvin, Ph.D., Principal Investigator
Head, Biomechanics Department
Biosciences Division
Highway Safety Research Institute
University of Michigan
Ann Arbor, Michigan 48109

DATE : March 2, 1981

SUBJECT: Final Technical Letter Report on NSF Program "Optimized
High-Speed 35-mm Cineradiographic Equipment for Bio-
sciences Research," Grant No. CME-7722578, Grant Period
from 6-1-78 to 11-30-80.

SUMMARY

Primary objectives of this project were: 1) to increase x-ray
viewing area, 2) optimize optical characteristics with a high-quality
objective lens, 3) incorporate a 35-mm high-speed motion picture cam-
era into the system, 4) obtain a second x-ray head and high-voltage
cables for initiation of x-ray stereophotogrammetry studies with the
system, and 5) phase the system into on-going programs.

The system now consists of a high-speed 35-mm motion picture
camera, capable of operating at 2500 frames per second, which views
a 2-inch diameter output phosphor of a high-gain, four stage magnet-
jcally focused image intensifier tube to x-ray images produced on a
fluorescent screen by a smoothed direct-current x-ray generator. The
system is now more adaptable to a variety of experimental requirements
in biomechanics research because 1) a new mechanical structure incor-
porating a larger bellows has been fabricated which provides a greater
range of variation in x-ray viewing area, and 2) the calcium tungstate
fluorescent screen has been replaced with a rare earth gadolinium oxy-
sulfide screen, 3M TRIMAX-12, which has four times the 1ight output of
calcium tungstate for similar experimental conditions and radiographic
factors. The rare earth screen improvement factor allows greater
flexibility in choices of experimental geometry, kilovoltage, and cur-
rent.




Operation and Performance of the High-Speed Cineradiographic System

Its method of operation is as follows: an x-ray fluorescent
screen shadowgraph of an impact event is imaged by the objective lens
onto the input photocathode of the image intensifier. The x-ray
shadowgraph on the fluorescent screen varies continuously in spatial
distribution and in time. When the camera shutter is in an open
position, the image tube is turned on to allow image light amplifica-
tion, and when the shutter is in a closed position, the image tube is
turned off. This procedure for synchronously gating the image tube
with the camera was adopted to 1) reduce noise integration in the out-
put phosphor, 2) to lower the duty cycle of tube operation to allow
for higher x-ray input for comparatively thick biological material as
encountered in human cadavers, and 3) to protect and conserve the
image intensifier tube in general from drawing current when no infor-
mation is being transmitted to recording film.

A schematic diagram of a representative impact experiment with
application of the system is shown in Figure 1. Activation of the
impactor driving unit starts an automatic sequence of timed events
which includes x-ray turn-on, motion picture camera start, gated
image intensifier tube operation in synchronization with the camera
shutter, the impact event, and shut-down of the system, all occurring
in approximately 200 ms. A magnetic pick-up element senses onset of
the impactor head motion and provides a system activation pulse to
the x-ray control unit. The x-ray control unit then distributes sig-
nals to the x-ray generator and high-speed motion picture camera,
which then initiates image intensifier tube operation in gated mode.

Components of the imaging elements of the system are shown in
Figures 2 and 3. Figure 2 shows the 14-in. by 17-in. rectangular
magnesium alloy plate which supports the gadolinium oxysulfide fluores-
cent screen inside the bellows. The cylindrical structure contains
the electron focusing magnet. The four-stage image intensifier tube
Ties in the center of the cylindrical magnet housing along its longi-
tudinal axis. The 35-mm high-speed motion picture camera views the
output phosphor of the image tube, as shown in Figure 3. The imaging
elements in Figure 2 are positioned in a Unistrut structure which



FIGURE 1. Schematic Diagram of Impact Experiment
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Figure 2
High-Speed 35-mm Cinematographic X-Ray Imaging Elements

Figure 3

35-mm Photosonics 4B High-Speed Motion Picture Camera



holds a 16-mm high-speed motion picture camera and T1ights, to obtain
an optical film record simultaneously with the dynamic x-ray image
record.

Figure 4 shows the control console and associated electronics,
which consist of the d-c high-voltage power supply at the Teft, the
high-voltage divider, the image tubing gating supply, and the magnet
current power supply. Image tube gain, gate pulse width, and mag-
netic focus are controlled from the console.

Gating pulse shape is shown in the upper trace of Figure 5. The
peak amplitude of this signal is proportional to a positive 3.3 Kv
gate pulse, applied to the input photocathode of the image intensifier
tube, which is normally at ground potential when the tube is in a con-
ducting state. The 3.3 Kv gate pulse raises the normally grounded
photocathode to approximately the same potential as the first dynode
ring in the first stage of the image tube. This produces a nearly
zero potential gradient, and therefore no photo-electron flow between
input photocathode and the first dynode, shutting the image tube off.
When the gate pulse voltage falls to zero, the photocathode is again
in its normal ground state and tube conduction occurs. In this
example the tube was on for nearly 400 us, and off for about 600 yus,
at 1 KHz pulse repetition rate. Pulse width is controllable, and is
normally set at a width of 225 us to overlap camera shutter open time
of 200 us at 1000 frames per second. The gate pulse is an excellent
approximation to a square wave, with a rise time of approximately 50
us, without ringing, overshoot, or variation in required voltage level.

Light output decay time is shown in the lower trace, where the
abscissa is in units of 0.2 ms/div., time running to the right. The
jmage tube has three fast phosphors with a decay time of 5 us each,
and a P-11 output phosphor with a decay time of nominally 90 us. De-
cay time of the chain is the convolution of all of them, but approxi-
mately 200 us is seen on the Tower trace; this also includes interdy-
node capacitance of the image tube and time constant of the photo-
multiplier measurement circuitry. The dominant contributor to this
decay time is the P-11 phosphor, which actually does not have a unique
time constant, but varies proportionally according to excitation level
and also to time duration of excitation. When the gate pulse width
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Figure 4

Control Console and Associated Electronics
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Figure 5

Synchronization of Image Tube Light Output with Image Tube Gating Pulse
'nner trace: gating nulse, 0.2 ms/div; freauency 1 Kiiz

Lower trace: PM tube record of image tube light output



is narrowed to approximately 200 us, decay time becomes smaller, which
allows a higher x-ray input level necessary for relatively dense sub-
jects. The Tight output in the example shown is seen to fall to nearly
zero before the onset of a successive gate pulse.

Optical verification of resolution performance is shown in Figure
6. A 14-in. x 17-in. video test pattern chart, illuminated by d-c in-
candescent 1ight inside the bellows, was viewed by the image intensi-
fier in gated operation at 1 KHz pulse repetition rate; pulse width was
293 ps; optical magnification ratio was 1:23, i.e., the 2.75-in. by
2.75-1in. vertical line grid in the center of the pattern was reduced to
0.75-in. by 0.75-in. in the Polaroid photograph.

Figure 7 shows a greatly magnified image of the grid at at over-
all magnification ratio of 1:1, which demonstrates the variability of
the system in meeting diverse experimental requirements by different
users of the equipment.

Magnetically focused image intensifiers display a characteristic
spiral, or S-type distortion, because the magnetic field is not per-
fectly uniform. This is seen at the edges of the image in Figures 6
and 7 as displacement from linearity of the image of a line. These
tubes provide least distortion and highest edge resolution compared to
electrostatically focused tubes, which give a pincushion type distor-
tion and defocusing at its edges. Error correction for either type of
distortion in quantitative measurements is straight-forward.

Applications to Biomechanics Research

Current injury assessment research is aimed at four regions of
the human body: the head, neck, thorax, and knee. This system in its
earlier configuration has been applied to all of these regions in
various experimental programs at HSRI. Each subject specimen presents
a different problem in choosing x-ray factors, targeting, and geometry
so that optimum density and contrast will be obtained in the film.
Targeting structures of interest involves selection and placement of
radiopaque materials to provide contrast enhancement.

An example of image quality obtained with the optimized system
is shown in Figure 8, which is an x-ray intensified image of a knee
joint, a portion of the femur, and the bones of the Tower leg. Nine



- Figure 6, R

 Intensified Image of 14-in. x 17-in. Resolution Chart

(overall) Magnification Ratio: 1:23

Figure 7
Intensified Image of Magnified 14-in. x ]75in. Resolution Chart
(overall Magnification Ratio: 1:1



Figure 8
X-Ray Intensified Image of Knee

'

(still)

Focal spot distance to knee: 33.5-in.

Focal spot distance to screen: 38-in.

X-Ray factors: 90 kVp, 50 ma, 1/30 s.

Dimensions of vertical wires on femur, from left to right, 0.094-in. and 0.047-in.



fiducial marks made of lead are embedded in the magnesium alloy plate
which supports the fluorescent screen. These are seen in Figure 8 as
an array of crosses, to serve as registration indices from one motion
picture frame to another in quantitative analysis. The image of the
knee-joint is somewhat magnified because the x-ray source focal spot
distance to the knee-joint was 33.5-in., while the focal spot dis-
tance to the screen was 38-in. The femur is seen to be targeted with
lead wires and pellets. Their diametric dimensions are, from left to
right: 0.094-in., 0.047-in., 0.231-in., 0.184-in., and 0.257-in.,
respectively.

Density variation in bone is clearly observable, as well as all
of the parts of the knee-joint and their relationship. Another note-
worthy aspect of this image example is that an anti-scatter grid was
not used. This points out the Tower x-ray scattering property of the
rare earth screen.

In conclusion, the optimized high-speed 35-mm cineradiographic
system is regarded as a successful equipment facility with the poten-
tial for three dimensional motion analysis when the now acquired
second x-ray head is phased into the system for x-ray stereophoto-
grammetry.
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