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METHOD FOR ANALYZING AND DESIGNING ARMOR IN A VEHICLE

Technical Field

The present application relates to vehicle armor analysis and design. In
particular, the present application relates to methods for analyzing and designing armor

in a vehicle, such as a helicopter.

Description of the Prior Art

Armor placement and geometry has been developed using basic design
guidelines and principles. Prior art methods of designing armor in a vehicle include an
approach of defining, modeling, and then evaluating the armor design. Such a method

seldom provides an optimal design solution. Further refinement of the armor design for

an improved design efficiency required evaluation of multiple configurations or

variations, the number of which being limited due to the extensive modeling and
analysis resources needed. Such an iterative process limits the degree of optimization

possible, and a more direct approach for defining and evaluating armor effectiveness Is

needed.

Hence, there is a need for an improved method for analyzing and designing

armor in a vehicle.

Brief Description of the Drawings

The novel features believed characteristic of the method of the present
application are set forth in the appended claims. However, the method itself, as well as
a preferred mode of use, and further objectives and advantages thereof, will best be
understood by reference to the following detailed description when read in conjunction
with the accompanying drawings, in which the leftmost significant digit(s) in the
reference numerals denote(s) the first figure in which the respective reference numerails

appear, wherein:
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Figure 1 shows a plan view of shotlines penetrating an air vehicle airframe;
Figure 2 shows an isometric view of shotlines penetrating a single element;

Figure 3 shows a table with data for summing probability of kill (Pk) values for

each shotline:

5 Figure 4 shows a side view of probability of kill (Pk) intensities on an air vehicle

airframe;
Figure 5 shows an isometric view of a tetrahedral mesh of an air vehicle canopy;

Figure 6 shows an isometric view of probability of kill (Pk) data overlaid on the

tetrahedral mesh of Figure 5;

10 Figure 7 shows an isometric view of the data from Figure 6 overlaid onto an

exterior skin of the air vehicle airframe;
Figure 8 shows a table of data for sorting mesh elements;

Figure 9 shows a graph of normalized cumulative probability of kill (Pk) sum as a

function of cumulative area;

15 Figure 10 shows a side view of shaded mesh elements in a keep/discard plotting

scheme on the air vehicle airframe;

Figure 11 shows an isometric view a derived armor solution according to the

preferred embodiment of the present application; and

Figure 12 shows a schematic view of the preferred method for analyzing and

20 designing armor according to the present application..

While the method of the present application is susceptible to various

modifications and alternative forms, specific embodiments thereof have been shown by



10

15

20

25

CA 02759657 2014-05-26

-3 -

way of example in the drawings and are herein described in detail. It should be
understood, however, that the description herein of specific embodiments is not
iIntended to limit the method to the particular forms disclosed, but on the contrary, the
intention is to cover all modifications, equivalents, and alternatives falling within the

scope of the application as defined by the appended claims.

Description of the Preferred Embodiment

lllustrative embodiments of the method of the present application are described
below. In the interest of clanty, not all features of an actual implementation are
described In this specification. It will of course be appreciated that in the development of
any such actual embodiment, humerous implementation-specific decisions must be
made to achieve the developer’s specific goals, such as compliance with system-related
and business-related constraints, which will vary from one implementation to another.
Moreover, it will be appreciated that such a development effort might be complex and
time-consuming but would nevertheless be a routine undertaking for those of ordinary

skill in the art having the benefit of this disclosure.

In the specification, reference may be made to the spatial relationships between
various components and to the spatial orientation of various aspects of components as
the devices are depicted in the attached drawings. However, as will be recognized by
those skilled in the art after a complete reading of the present application, the devices,
members, apparatuses, efc. described herein may be positioned in any desired

b BN 44

orientation. Thus, the use of terms such as “above,” “below,” “upper,” “lower,” or other
like terms to describe a spatial relationship between various components or to describe
the spatial orientation of aspects of such components should be understood to describe
a relative relationship between the components or a spatial orientation of aspects of
such components, respectively, as the device described herein may be oriented in any

desired direction.
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Properly identifying the most vulnerable areas and quantifying the effectiveness
of armor at those locations is critical to achieving efficient armor integration. As
mentioned, prior art practices involve a basic trial and error approach where potential
configurations are defined, modeled, and evaluated, with final geometry derived from
these results. This seldom provides an optimum design, and can lead to ineffective

systems if initial assumptions for where armor is needed are wrong.

The method of the present application provides new methods and analysis
products developed to help overcome deficiencies with legacy armor design practice. A
technical description of core functions and mathematic operations is discussed to

facilitate their integration of this capability into the next generation analysis and design

systems.

In the present application, a helicopter fuselage is used as an exemplary platform
for using the methods of analyzing and developing armor according to the present
application. It should be appreciated that vehicles, other than helicopters, may equally
benefit from the methods disclosed herein. For example, vehicles may include other
flying vehicles, such as airplanes and tiltrotors, as well as land based vehicles, such as
tanks and jeeps, to name a few. Furthermore, the methods disclosed herein are
depicted for developing armor for the protection of a human pilot; however the methods
of the present application are not so limited. For example, the present methods may be
used to develop armor for protection of other human vehicle occupants, such as crew
members and passengers. The armor may also be developed to protect non-human
parts of vehicles, such as flight critical components. An example of a flight critical
component may be an engine component or flight control system. As such, it should be
appreciated that the methods disclosed in the present application are applicable to

strategically analyzing and designing armor in a wide variety of applications.

Referring briefly to Figure 12, a method 201 for designing protective armor for a
vehicle according to the preferred embodiment is shown in schematic form. A step 203

comprises deriving shotlines through at least one element so as to facilitate the
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analysis. Next, a step 205 involves computing a probability of kill (Pk) value for each
shotline. A step 207 comprises calculating the probability of kill (Pk) intensity for each
element. A step 209 comprises identifying and ranking the most effective elements by
their .probability of Kkill intensity. A step 211 comprises mapping the most effective
elements in a 3D CAD environment. A step 213 comprises designing the armor while

taking into account the most effective elements.

Referring now to Figure 1, step 203 of method 201 is exemplified. Step 203
involves quantifying where and how many shots are penetrating various locations in the
airframe. Some areas will have a greater number than others, depending In part
according to structure of the vehicle. The areas have a high number of shot
penetrations are where armor should be placed to be the most effective. A dataset of
shotlines 101, or shot trajectories, penetrating the airframe are generated. When
bounded areas within the airframe or system are defined, the actual shots passing
through these areas are identified and counted. This facilitates a shots per square inch
calculation that provides a direct indication of the vulnerability of these areas, and also
effectiveness of armor. By defining these areas mathematically, the dimensions can be

small enough so as to achieve a high degree of resolution.

Still referring to Figure 1, a tool for generating shotlines 101, such as COVART
(Computation of Vulnerable Area Tool) may be used to derive the necessary shotlines
101 to facilitate analysis. COVART calculates shotlines 101 taking into account
airframe structure and the vulnerability of shot exposure to the pilot. In addition,
COVART calculates a probability of kill (Pk) value between 0 and 1 for each shotline
101, which can be used to weigh the shots per square inch value. The probability of kil
(Pk) value takes into account lethality such that shotlines which may produce a higher
lethality are given a higher Pk value. Step 205 of method 201 involves computing the
Pk value for each shotline 101. Summing the Pk values for shots passing through an

area, rather than just counting the total number of shots, provides a better indication of
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how beneficial armor might be at that location. If we divide this sum by the area we

define the following:
Pk Intensity = Sum of Pk values / area (1)

Step 207 of method 201 involves calculating the Pk Intensity for each element.
The Pk Intensity is a very useful value for the analyst or designer. Armor Is heavy, so
limited coverage and strategic placement is critical. Biasing the placement where the
Pk Intensity is higher will provide greater benefit overall for a given amount of added
weight. For example, consider the application of new armor for enhanced crew
protection for the air vehicle shown in Figure 1. A potential armor mounting location is
identified between the gunner and LBL 10.00 main structural beam, and we would like
to know in general how effective a vertical plate of armor might be. As expected,

numerous penetrations are possible through the airframe at this location, which are
indicated by the COVART derived shotlines 101 plotted in Figure 1.

Referring now also to Figures 2 and 3, determining the effectiveness of armor In
the location of interest, the region of interest outlined by dashed box 103 s
mathematically modeled as a plurality 1” by 1” squares, such as element 105. The
intersecting shotlines and corresponding Pk intensity are determined. It should be
appreciated that the region may be mathematically model as elements sized larger or
smaller than 1” by 17, or even as shapes other than squares. For the interest of clarity
only a single element 105 is shown. For the particular element 105 in this example, 43
shotlines are found to intersect, and the sum of their individual Pk values is 28, as
shown in Figure 3. Since the area of element 105 is 1 square inch, the Pk Intensity
value for element 105 is 28. To complete the analysis of this region, the process is
repeated for all remaining elements, and their normalized Pk Intensity values are then

plotted, as shown In Figure 4.

Referring to Figure 4, each element 105 is shown with shading and mapped In a

3D CAD (Computer Aided Design) environment, in accordance with step 211 of method
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201. The lighter shading represents elements 105 having higher Pk Intensity values. In
contrast, darker shading represents elements 105 having lower Pk Intensity values. It
should also be appreciated that a color speotrum may be used instead of grayscale
shading in order to represent Pk Intensities. For example, a red color may represent a

high Pk Intensity, while a blue color may represent a low Pk intensity.

Still referring to Figure 4, step 213 involves designing armor while taking into
account the most effective elements 105. For example, dashed curve 107 represents
an outlining of the areas of higher element intensities, which provides the designer a
potentially efficient armor shape. |If this is extended to include more of the lower
intensity areas, little added protection would be gained at the expense of added weight.
This outlining of effective areas can be done mathematically to provide specific armor
geometry for various levels of added protection. This will be discussed more thoroughly

later.

The Pk Intensity calculation can be applied to any surface for which a bounded
area can be defined and for which intersecting shotlines 101 can be determined. With
the previous example, the region of interest lies on a principal plane at LBL 10.0, from
which smaller bounded planer areas 105 could be easily defined mathematically ana
the calculations performed. For more complex geometry, the surfaces and boundaries
are of a higher order mathematical description and are more complex and difficult to
evaluate. However, these can be modeled as faceted or meshed regions, for which the

resulting planer areas are more easily evaluated.

For example, consider the air vehicle canopy shown in Figure 5. This complex
geometry is comprised of multiple CAD defined surfaces and curved boundaries, but
can be approximated quite well as a tetrahedral mesh. A tetrahedral mesh of a complex
surface is shown in Figure 5. Each triangular element 109 defines a bounded planar
area similar to planar element 105 shown in Figure 2. Intersecting shotlines 101 ana Pk
intensity can be determined using similar mathematical operations as was used and

describe regarding Figures 1 through 4, and 12. Although this requires additional
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modeling and computation time, several benefits are realized. First, the analyst can use
existing CAD geometry to model and mesh complex geometry or regions of interest, so
is not burdened with the potentially complex task of defining these mathematically.
Second, the calculated Pk intensities can be color mapped or shaded to their

corresponding mesh elements and overlaid back onto and the original defining CAD

geometry, which Is shown in Figure 6.

Referring to Figure 6, integration of existing CAD geometry and Pk intensity
mapped mesh elements 111 into the designers working environment provides a more
productive framework for determining where armor is needed and for evaluating design
constraints imposed by the existing structure. Mesh elements 111 are similar to planar
elements 105, except overlaid onto complex CAD geometry. The location of individual
mesh elements 111 can be dimensionally evaluated, and used to derive armor
geometry. Also, by selecting various levels of Pk intensity 113 to derive potential armor

shapes, multiple configurations can be developed with various levels of added

protection.

Still referring to Figure 6, meshed elements 111 and corresponding Pk intensities
113 provide a dataset from which the trade off between added protection versus added
area or weight can be directly evaluated during step 213 of method 201. With the goal
of maximizing efficiency, or maximizing protection with minimal added armor, only the
most effective elements from the dataset are used as guidance for the armor design. If
we think of these elements as building blocks, we would begin with the element 111
having the highest of Pk intensities 113. Then the element 111 having the next highest
Pk intensity 113 is selected, and so on until a derived armor shape begins to emerge. f
continued further, the less effective remaining elements that are included will provide

diminished levels of added protection, and the efficiency will be reduced.

Referring also to Figure 7, the meshed elements 111 shown in Figure 6 can be

mathematically quantified and results plotted to provide further guidance to the designer

as to how much armor should be integrated. This can be achieved by sorting mesh
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elements 111 from highest to lowest by Pk intensity 113, and by plotting a cumulative
total of shot Pk values versus element area. As an example, the exterior skin of the air
vehicle shown in Figure 7 is evaluated in this fashion. This area is modeled as a multi-

element tetrahedral mesh 115, and the resulting Pk Intensities are shaded for each

element, as shown In Figure 7.

Referring now also to Figure 8, the mesh elements 115 are sorted by decreasing
intensity, and the cumulative total of shot Pk values and element area is derived and
shown below in dashed box 117 in Figure 8. The data within dashed box 119 of Figure
8 shows there are several elements 115 with a Pk sum of zero, meaning no shots are
intersecting them. Since they offer no added protection, it is obvious they should not be

considered in defining the actual armor geometry. Similar reasoning applies to other

areas of low intensity. To quantify this, the normalized cumulative Pk sum as a function

of cumulative area is plotted and is shown in Figure 9.

Referring to Figure 9, since the mesh elements were sorted from highest to
lowest intensity, those with limited effect are represented by the upper or right hand
portion of the plotted curve 121. The diminishing slope of the curve there indicates that
these elements contribute less and less to the Pk sum or level of protection provided as
their remaining area is included. This curve also shows the direct tradeoff between
added protection and area. For this particular example, 90% of the total available

protection could theoretically be achieved using about 66% of the total area considered.

Still referring to Figure 9, it should be appreciated that the plot by itself is not
adequate to determine the best or most optimum level of protection that could or should
be implemented. Other factors, such as allowable weight, physical integration and
impact to adjacent structure, and other concerns will limit the practical options available.
In addition, the mesh elements contributing to or not contributing to any chosen level of
protection can be readily distinguished and plotted with a keep/discard color or shading

scheme to help derive potential armor geometries. To show this, we'll assume the 90%
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protection level and highlight the corresponding mesh elements as lightly shaded, as

shown In Figure 10.

Referring to Figures 10 and 11, the colored coded or lightly shaded mesh
elements 123 would be used to derive armor geometry, and the color coded or darkly
shaded mesh elements 125, would be ignored. It is obvious that the sparse distribution
of lightly shaded elements in the forward and aft areas cannot be integrated as shown In
a practical sense. However, the tightly grouped areas that are outlined by dashed box
127 does provide a basic template for deriving the efficient and practical design solution
of armor 129, as shown in Figure 11. The design of armor 129 represents the
culmination, in step 213, of taking into account light shaded mesh elements 123 and

darkly shaded mesh elements 125 within dashed box 127.

Additional optimization of armor can also be achieved by determining how thick
armor needs to be based on angle and velocity of ballistic impact. In the past, the
impact was usually assumed to be normal to the armor surface (zero obliquity), and with
a velocity close to or equal velocity leavening the weapon (muzzle). Because of this,
the armor would be sized in weight and thickness for a worst case condition, which may
or may not be needed depending on location. This, in addition to improper or excessive

placement, would lead to excessively heavy designs.

During the evaluation of Pk intensity, step 207, the angle of obliquity for each
shotline 101 can be derived, and the worst case angle of impact for each area can be
determined. For some areas, this angle will be close to or equal to zero, meaning the
worst case impact will be normal to the armor surface, and greater thickness will be
required. For other areas, where the angle is greater, the projectile will have a greater
potential to be deflected rather than penetrate, and thinner material can be selected.
Velocity or other ballistic parameters can also be evaluated to facilitate selection of

thinner and less heavy materials.
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The method 201 of the present application outlines a more direct and accurate
means for achieving efficient armor placement and armor design. While referencing
illustrative embodiments, this description is not intended to be construed in a limiting

sense. Various modifications and other embodiments will be apparent to persons skillea

In the art upon reference to the description.

The particular embodiments disclosed above are illustrative only, as the
application may be modified and practiced in different but equivalent manners apparent
to those skilled in the art having the benefit of the teachings herein. Furthermore, no
limitations are intended to the details of construction or design herein shown, other than
as described in the claims below. It is therefore evident that the particular embodiments
disclosed above may be altered or modified and all such variations are considered
within the scope of the application. Accordingly, the protection sought herein is as set
forth in the claims below. It is apparent that a method with significant advantages has
been described and illustrated. Although the present application Is shown In a limited

number of forms, it is not limited to just these forms, but is amenable to various changes

and modifications.
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Claims

1. A method for designing protective armor for a vehicle, comprising:

deriving at least one shotline through an element, the element being part of a
mesh of elements such that the mesh represents a CAD surface;

computing a probability of kill value for each shotline associated with each
element, Including giving each shotline a value between zero and one, and further
Including taking into account a lethality of each shotline;

calculating a probabillity of kill intensity for each element, including summing the
probability of kill values and dividing by an area of the element;

ranking the elements according to highest probability of kill intensity;

mapping the elements in a 3D CAD environment to visually depict a map of the
elements having the highest probability of kill intensity; and

designing armor taking into account the elements and the probability of kill

Intensity of each element.

2. The method according to claim 1, wherein the mapping the elements in a 3D

CAD environment involves applying a visual color scheme to the elements.

3. The method according to claim 1, wherein the at least one shotline represents a

shot trajectory that would be able to penetrate an airframe structure of the vehicle.

4. The method according to claim 1, wherein the designing armor taking into

account the elements and the probability of kill intensity of each element involves

configuring the shape of the armor be placed so as to include the elements having the

highest probability of kill intensity, as mapped in the 3D CAD environment.

5. The method according to claim 1, wherein the designing armor taking into
account the elements and the probability of kill intensity of each element involves
configuring the shape of the armor be placed so as to exclude the elements having the

lowest probability of kill intensity, as mapped in the 3D CAD environment.



CA 02759657 2014-05-26

- 13 -

6. The method according to claim 1, wherein the designing armor taking into
account the elements and the probability of kill intensity of each element involves first
iIncorporating the elements having the highest probability of kill intensity first, and then

O Incorporating the elements having the next highest probability of kill intensity second.

/. The method according to claim 1, further comprising:

determining how thick the armor needs to be based upon an angle between the
at least one shotline and the element.

10
8. The method according to claim 1, further comprising:
determining how thick the armor needs to be based upon a predicted velocity of
a ballistic impact at the element.
15 Q. A method for designing protective armor for a vehicle, comprising:

generating a first group of shotlines through a first element, the element being
part of a mesh such that the mesh represents a CAD surface;

computing a probability of kill value for each shotline associated with the first
element, Iincluding giving each shotline a value between zero and one, and further

20 Including taking into account a lethality of each shotline;

calculating a probability of kill intensity for the first element, including summing
the probability of kill values and dividing by an area of the element;

generating a second group of shotlines through a second element;
computing a probability of kill value for each shotline associated with the second
25 element, including giving each shotline a value between zero and one, and further

iIncluding taking into account a lethality of each shotline;

calculating a probability of kill intensity for the second element, including

summing the probability of kill values and dividing by an area of the element;

mapping the first and second elements in a 3D CAD environment to visually

30  depict a map of the probability of kill intensity of both the first and second elements: and
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designing armor taking into account the probability of kill intensity of both the first

and second elements.

10.  The method according to claim 9, wherein the mapping the first and second
elements in a 3D CAD environment involves applying a visual color scheme to the

elements.

11. The method according to claim 9, wherein the first group of shotlines represents
a shot trajectory that would be able to penetrate an airframe structure of the vehicle,

travel through the first element, and hit a target.

12. The method according to claim 9, wherein the computing the probability of kill
value for each shotline associated with the first element involves taking into account a

lethality of each shotline, the lethality being determined by a location of the shotline in

relation to a target.

13.  The method according to claim 12, wherein the target is a human occupant of

vehicle.
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