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ABSTRACT: An earlier companion paper to the present one dealt with a literature review as well
as blood droplet formation and impacts to stationary target surfaces. The present paper discusses
the results of experiments with moving target surfaces. These are discussed in the context of their
correlation with blood droplet impacts to inclined stationary targets and with respect to the inter-
pretation of bloodstain patterns at crime scenes where the target surface is capable of its own move-
ment. A special belt device was designed and constructed for the experiments reported here. This
motorized apparatus was used to drive paper belt target surfaces at various controlled speeds.
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This study was conducted to determine whether or not the stains produced by blood drops
falling vertically onto inclined surfaces are correlated with those produced by drops projected
with a horizontal component falling and impacting horizontal surfaces. We felt that the topic
had not been adequately addressed in the literature [/-6], although most earlier authors
seemed to assume that the two situations were highly correlated. In connection with the present
study, a new type of apparatus of considerable value for exploring the phenomena of blood
droplet/solid surface impacts was designed and built.

To perform a study of this type, it is obviously necessary to maintain careful control over the
vertical (Vy) and horizontal (V,) components of velocity. Furthermore, it was essential that
only single droplets of blood be produced for impaction. In the conventional sense, this is not
easily accomplished. It is difficult to project drops of a known preselected volume horizontally
with an accurately controlled velocity, although Adam et al have apparently done so in their
study of “The Collision Coalescence, and Disruption of Water Droplets,” using two droplet
generators [7]. These devices consumed relatively large volumes of water to produce the desired
number of very small droplets by electrostatically selecting them from a continuous stream of
droplets. Although this scheme works well with water, it seems not to be a practical one for use
with blood. In addition, the rather complex and expensive device designed by these in-
vestigators may not be suitable for the full range of drop sizes desired in blood studies. Thus, an
alternate approach was investigated.
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If a person runs with a pipet of blood and allows a drop to be released, it strikes the ground at
some velocity and angle (measured from the tangent to the trajectory at contact). In a relativis-
tic sense, if you suspend this person at his or her original position above ground, and allow a
drop of blood to be released from the pipet while the ground is moving in a direction opposite to
his or her original motion, an equivalent situation is obtained, although, in the first situation,
the viscosity of air would be expected to exert a decelerating influence such that the horizontal
component at impact would be less than at release. For relatively large droplets and low hori-
zontal components of velocity, this effect would be minimal. The latter situation, where the
horizontal component is unaffected by the viscosity of air, is replicated by using the moving belt
device. Another advantage to this arrangement, where blood droplets are released from a pipet
and allowed to impact the horizontally moving belt, is that the problem of projecting single
droplets of a constant known size and known velocity is obviated.

Methods and Materials

For the purposes of this study, a moving belt device was constructed (see Figs. 1-4). Both
spools are made of polished aluminum and are of the self-centering type to keep the paper belt
in position when it is running. The driven spool has a hollow core, while the drive spool has a
solid core, enabling the former to spin freely when the paper is driven. The spools run +5 um
(0.0002 in.) concentric to the bearing holes. Both axles and towers are made of carbon steel
while the bearings are stainless steel. The coupling of the drive motor to the drive spool is via a
round rubber drive belt to reduce vibration. For ordinary operation the tower section is re-
moved from the main base and placed on another heavy base to allow an increase in the belt
length. As can be seen in the accompanying photographs, there are adjustments on each tower
to aid in the tightening and alignment of the paper belt. Additionally, the height of the driven
spool from the base can be varied. The supports for the driven spool can be unlocked or locked
by turning thumbscrews on the axle ends. The speed of the belt can be varied with the aid of a
variable transformer connected to the S000 rpm universal motor.

A typical belt is made by taking adding machine or integrator paper (6.35 cm in width), loop-
ing it around the spools, and cutting an appropriate length to permit several centimetres of
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FIG. 1—Moving belt device.
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FIG. 2—Drive spool and motor (1/8 hp, 5000 rpm). (I hp = 746 W),

FIG. 3—Driven spool section.
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FIG. 4—Bel: device in operation.

overlap. After the overlapping paper is properly aligned, it is taped together with transparent
tape and the excess paper is removed. Interposed between the upper and lower portions of the
belt, about 30 cm from the drive spool, is a steel laboratory rod positioned up against the lower
surface of the upper part of the loop. This serves to keep the impact area of the belt reasonably
taut, level, and vibration free. For ordinary operation, when the spools are placed about 2 m (6
or 7 ft) apart, the sections are aligned with the aid of a steel straight edge (approximately 3 mm
by 5 cm by 2.4 m).

Timing is accomplished by placing a large black index mark across the paper, near the trans-
parent tape, and counting the number of times it passes a fixed point during a time span of ten
seconds. If the belt velocity is too high for counting the revolutions visually, a distinctive noise
that occurs every time the taped area of the belt passes the steel rod can be used for counting.
Just before a trial, the total length of the paper loop is estimated. At least ten revolutions are
used for calculating the velocity. To ensure that the belt is running in a stable manner, three
timings are conducted before the impacts are allowed to occur. These are repeated once after
the experiment is completed. Subsequently, the belt is removed and the length is determined
more exactly so that the average velocity can be accurately calculated.

The blood was allowed to drop from a pasteur pipet equipped with a rubber bulb at a height
of 14 cm above the belt. All blood samples were warmed to 37°C before use. The blood for the
moving belt correlation study was freshly drawn on the day of each experiment and contained
heparin as an anti-clotting agent. Initially, a low velocity was chosen since it was believed that
the velocity caused by the vertical fall could be accurately determined from:
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V2= V3+ 2as 1)

assuming that the effect of air resistance at this height of fall would be negligible. If the drop is
released gently, it will generally have a velocity slightly less than that predicted by the equation
for rectilinear motion (about 2% less than the velocity in a vacuum for this dropping height).
This was determined by high speed stroboscopic photography. Figure 5 illustrates the photo-
graphic equipment in the darkroom. The velocity at a dropping height of 14 cm was deter-
mined by high-speed, multiple flash stroboscopic photography.

The conditions that were optimum for obtaining the high-speed stroboscopic photographs
were as follows: The stroboscope (General Radio Co. Strobotac, Model 1531-A) was situated
approximately 10 cm from the pasteur pipet which was used to release the blood drop. It was
laterally displaced at an angle of about 45° relative to the camera lens axis. This short lamp-to-
subject distance was required since the energy per flash was rather low. The background,
placed about 80 cm from the pipet, was a nonreflective black cloth. The camera used was a
Yashica 35-mm SLR equipped with a Tamron macro lens (f-2.5, 90-mm focal length). The lens
aperture was set at its widest opening. The lens to pipet distance was 25 cm. Various flashing
rates were employed: 12, 16, and 24 kf/m (thousand flashes per minute). Kodak Tri-X (ASA
400) black-and-white film (developed for 8.5 min in D-76 full strength) was used. The shutter
was set in the bulb position. When the drop was released (the stroboscope was already
flashing), the shutter was opened. After the drop passed through the field of view, the shutter
was closed.

The velocity was calculated from each negative frame utilizing a stereomicroscope at X10in
conjunction with a vernier caliper. For example, in Fig. 6 the distance between two successive
images on the film is 1.70 mm. In most cases the distance between the images was measured
from the lamp reflection highlight on each drop image. In so doing some error would be ex-
pected to be introduced into the calculations. However, the limited intensity of the stroboscope
used resulted in poorly delineated air/drop boundary images in the negatives. Ideally, the dis-
tance should be measured from the top of an image to the top of another image. However, in
this case, because of the indistinct boundary in the images, it was felt that this technique would
result in more error than the former method.
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FIG. 5—Photographic equipment in the darkroom.
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1.70mm

FIG. 6—The distance between two successive images on the film in 1.70 mm.

Results

The velocity of the falling droplet was calculated and compared in two somewhat different
situations. In the first, the blood drop was released from the pasteur pipet with the aid of a rub-
ber bulb. In the second situation, the drop of blood was released from a pasteur pipet tip at-
tached to the petcock of a glass chromatographic column (1-cm inside diameter) shortened to
about 2 cm. This was done to ascertain whether the velocity was significantly greater in the
situation where the blood drop is gently released from a pipet equipped with a rubber bulb, as
opposed to the situation where it is permitted to form and drip freely from a column. In both sit-
uations the drop sizes were found to be equivalent (approximately 26 pL), and drop shape oscil-

FIG. 7—High-speed stroboscopic photograph of a blood drop falling in air (approximate drop volume
is 26 uL).
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lations were noted which can be observed in Fig. 7. It was apparent that the characteristics of
the pipet tip were the major factors in establishing the drop size.

Nine separate determinations were done for the situation where the blood drop was released
from a pasteur pipet utilizing a rubber bulb. The mean of these determinations was 1.62 m/s
(5.32ft/s). The standard deviation was found to be 0.0491 m/s (0.161 ft/s). In the other situa-
tion, with the pipet tip attached to the column, the mean velocity was found to be 1.62 m/s
(5.32 ft/s), based on eleven determinations. The standard deviation was 0.0579 m/s (0.190
ft/s). Thus the velocity in the two situations is approximately the same. The velocity at this
short dropping height closely matches that calculated for blood falling from the same height in
avacuum. From Eq 1, the velocity in a vacuum is 1.65 m/s(5.41 ft/s). As would be expected at
this short dropping distance, the velocity of the drop was not significantly affected by air
resistance.

The drop sizes were confirmed as approximately 26 uL. by measurements taken from high-
speed single flash photographs [8]. Blood was dropped onto paper belts running at various
speeds while the dropping height was kept constant. The stains are shown in Fig. 8. See Table 1
for stain dimensions with corresponding belt speeds and major diameter (D or length) to minor
diameter (d or width) ratios.

For a drop falling vertically onto a moving belt, an effective angle of incidence (EAI) can be
envisioned. This corresponds to the angle of incidence described for drops falling vertically
onto inclined stationary targets. Figure 9 illustrates the angle that will be discussed. In this fig-
ure, for example, it is the 60° angle (measured from the surface normal). Blood drops were al-
lowed to fall onto stationary inclined surfaces from a height of 14 cm. The surface was the same
paper substrate that was used for the belt trials (see Fig. 10).

Figure 11 shows how the EAl is calculated from the arc tangent of the ratio of the horizontal
component of the velocity to its vertical component. Table 2 shows the angle discussed with the
corresponding ratios and belt velocities.

Discussion and Conclusions

An examination of the similarity between the graphs (Fig. 12) representing the D/d ratio
versus EAI and the D/d ratio versus the stationary angle of incidence shows that impacts of
drops of blood on inclined surfaces are correlated with those on moving belts. Since the latter

TABLE 1—Stain dimensions with corresponding belt speeds and
major diameter (D) to minor diameter (d) ratios.

V., m/s V.. ft/s Mean d, mm*® Mean D, mm*’ Mean D/d
7.62 25.0 7.9 52.0 6.6
6.80 22.3 7.9 44.7 5.6
6.06 19.9 8.7 44.5 5.1
5.24 17.2 8.2 38.8 4.7
4.54 14.9 8.0 33.0 4.1
3.81 12.5 8.9 30.7 3.4
3.23 10.6 9.0 27.2 3.0
2.5 8.1 9.6 21.8 2.3
1.9 6.3 9.7 18.7 1.9
1.5 5.0 9.4 16.8 1.8
1.2 4.0 9.0 14.1 1.6
0.94 3.1 9.0 12.0 1.3
0.61 2.0 10.1 12.0 1.2
0.30 1.0 9.7 10.3 1.1
0 0 9.0 9.0 1.0

“Mean is based on nine determinations at each velocity.
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FIG. 9—60° angle of incidence (measured from the surface normal).

situation can be regarded as an example of Newtonian relativity, it can be concluded that the
stains produced by blood drops projected horizontally are correlated with those from drops
falling vertically onto inclined surfaces. A careful examination of the stains generated in each
situation indicates some differences with regard to their size. That is, larger stains appear to
have been produced in the moving belt situation. This is because although the general situa-
tions are equivalent, the conditions used are not. If one desires to observe an exactly equivalent
situation, it is necessary that the drops impacting inclined surfaces be allowed to fall from
higher points so that the resultant vector of velocity is equivalent in magnitude to the moving
belt situation (see Fig. 13). Figure 14 clearly demonstrates the difference obtained in stain pat-
terns when the horizontal component of velocity is kept constant while the vertical component
is varied.

Of considerable importance to actual interpretations is the possibility that the appearance of
the bloodstain is a result of the motion of the substrate at the moment of impact of the drop of
blood. If the target surface is capable of its own motion, and one does not know with a reason-
able degree of certainty that the target was motionless at the time of impact, it is risky to inter-
pret the bloodstain with regard to its directionality and angle of incidence. While this state-
ment may seem obvious to some, this fact appears not to have been explicitly recognized by
many workers. This factor has particular implications for stains on human skin [9]. Photo-
graphs of stains produced by blood impacting fixed and moving skin surfaces are presented in
Fig. 15.

Note, in addition to what has already been shown, how a stain is affected by the motion of a
target which is presented to a moving drop at an angle with respect to its direction of travel. For
one set of experiments the apparatus was inclined as shown in Fig. 16. In the stains shown in
Fig. 17, one can see how successive drop patterns change from an elongated stain to a circle
and, finally, to a reversed elongated stain as the belt velocity is increased in a downbhill direction
while the dropping height is held constant.

The drop volume (approximately 26 uL) was calculated from measurements taken from
single flash photographs of individual falling droplets as reported in part one of this study [&].
The effect of changing one velocity component while the other component is kept constant isil-
lustrated. Work with this device calls attention to possible errors in interpreting stains present
on targets that are capable of their own motion. Stains on movable surfaces should be inter-
preted with an extra measure of caution unless it is known that the surface was fixed at the time
the stain or stains were created. Thus, in crime scene work, situations where the target was
moving or where both the source and target were moving may not be interpretable.
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FIG. 11—Calculation of EAI from the arc tangent of the ratio of the horizontal component of the veloc-
ity to its vertical component.

TABLE 2—Angle discussed with the corresponding ratios
and belt velocities.

V,, m/s V., ft/s Mean D/d EAI
7.62 25.0 6.6 77.8°
6.80 22.3 5.6 76.4°
6.06 19.9 5.1 74.8°
S.24 17.2 4.7 72.5°
4.54 14.9 4.1 70.0°
3.81 12.5 3.4 66.6°
3.23 10.6 3.0 63.0°
2.5 8.1 2.3 56°
1.9 6.3 1.9 49°
1.5 5.0 1.8 43°
1.2 4.0 1.6 36°
0.94 3.1 1.3 30°
0.61 2.0 1.2 20°
0.30 1.0 1.1 10°

The potential uses of the belt device extend beyond those discussed here. For example, the
vertical component of velocity of falling blood drops can be determined from resulting stain
patterns. This offers an alternative means of making determinations of terminal velocity. This
device may also be useful for teaching and research in other physics or fluid dynamics contexts.

Summary

The equivalence of stain patterns left by drops projected with a horizontal component of ve-
locity impacting horizontal surfaces and those left by drops falling vertically onto inclined sur-
faces has been demonstrated by a new technique which incorporates a moving belt device. This
device allows the experimenter to control carefully the horizontal component of velocity, while
the vertical component is controlled via the dropping height. The vertical component of veloc-
ity for the dropping height used in this study was determined via high-speed stroboscopic pho-
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FIG. 12—The D/d ratio versus EAI and the D/d ratio versus the stationary angle of incidence where
= “effective’’ angle data points and X = stationary angle data points.
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FIG. 13—Blood drop impacts where #1 fell 56.6 cm (22.3 in.) onto target inclined at 70° from the nor-
mal to the surface with a stationary target and #2 fell 4.45 cm (1.75 in.) onto belt target moving horizon-
tally at 3.0 m/s (9.7 ft/s). (Stains are actual size.)
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#1

#2

FIG. 14—Blood drop impacts where #1 fell 14 cm (5.5 in.) onto belt moving horizontally at 6.06 m/s
(19.9 ft/s) and #2 fell 1.8 m (6 ft) onto belt moving horizontally at 6.1 m/s (20 ft/s). (Stains are actual
size.)

FIG. 15—Stains produced by blood impacting fixed and moving skin surfaces.

Driven Spool

Drive “//j:/7” - —4

Spool

FIG. 16—Downbhill orientation of belt device.
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tography. Other uses of the belt device such as the determination of the instantaneous velocity
of a falling blood drop have been proposed.
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