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Abstract: Because of their orthotropic nature, advanced
composite materials present some special problems to the en-
gineer. The relation between the elastic constants of an
orthotropic material is more complex than that of an iso-
tropic material. In addition, composites exhibit coupling
between normal and shear deformations as well as between
bending and stretching load responses. The more complicated
behavior of advanced composites is usually handled using
techniques of matrix mathematics, but the required bookkeep-
ing often overwhelms the isotropic-trained engineer who is
used to working with fewer terms and less complicated equa-
tions. This paper discusses the development of a module, de-
signed to be used with the Texas Instruments TI-58 and TI-

59 desktop calculators which can be used to handle much of
the required "bookkeeping". Given such input as the elastic
constants of a single ply of composite material, the stacking
sequence of a laminate, and the applied loads (or strains),
the module will output desired information such as the phys-
ical properties of a laminate, the strains (or loads) in
both the whole laminate and the individual plies, and the
values of the laminate properties as the laminate is rotated.
The module will also provide "strength ratios" for a particu-
lar laminate and load vector to indicate how close the mater-
jal is to failure. It is hoped that this module will make
the analysis and use of advanced composites seem less formid-
able to both research and developmental engineers.
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The orthotropic behavior of advanced composite materials can
be described using techniques of matrix mathematics. How-
ever, the bookkeeping required by such techniques can soon
become overwhelming. The Air Force Materials Laboratory at
Wright-Patterson Air Force Base has recently completed a set
of calculator programs capable of handling much of the
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required bookkeeping. These programs are presently being
fabricated into a library module which can interface with a
standard TI-58 or TI-59 calculator. (A library module is a
solid state, plug-in set of prewritten, read-only programs.)
See Figure 1. This paper discusses the structuring and po-
tential applications of the composite materials module.

The module consists of nine user-accessible programs which
calculate material properties, initial stresses and strains,
mechanical properties, strength ratios, and translated mod-
uli for both single plies and laminates of a composite ma-
terial. Because the calculator's data storage registers are
unaffected by the call for a program, the results of one pro-
gram can easily be used as input for another. Several of

the programs in the composite materials module are designed
to be used in conjunction with one another.

Program 1 of the composite materials module provides data
which is essential to all remaining programs. This program
partitions the calculator to insure the proper number of
data storage registers, clears the calculator memory, and
performs a test to determine whether or not the calculator
is connected to the PC-100A printer (since all programs

have been designed to work on or off the printer). It then
allows the user to input the engineering constants - the
longitudinal, transverse, and shear moduli and the major
Poisson's ratio - and the thickness of a single ply for the
desired material. Program 1 also allows the user to convert
his input data into English or SI units. This conversion
can be performed on an individual entry or on the entire
list as desired. Upon completion of input data entry,
Program 1 calculates the reduced stiffness moduli (Q's), the
compliances (S's), and the invariants required to calculate
rotated values of moduli for a single ply. These results
are then used by the remaining eight programs in the module.

Programs 2 and 3 deal with initial stresses and strains in-
duced by changes in temperature and moisture concentration.
Program 2 is concerned with stresses and strains in a single
ply of composite material. The user inputs four environ-
mental coefficients - one each in the longitudinal and trans-
verse directions for thermal and for moisture effects. Again,
these values can be converted into English or SI units either
singly or as a list. Next, the user must input temperature
change, moisture concentration, and curing strains. The
program will then calculate initial stresses and strains for
the ply. Program 2 can provide the user with single-ply
initial stresses and strains in both the ply-axis system ancd
in a coordinate system rotated thru any angle from the ply
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FIGURE 1:
ENLARGED VIEW OF A LIBRARY MODULE
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axes. Program 3 is used to calculate non-mechanical stress-
es and strains in a laminate. - Non-mechanical stresses and
strains are caused by the fact that plies at different or-
ientations want to expand different amounts but are prevent-
ed from doing so by their presence in the laminate. See
Figure 2. After the user inputs the stacking sequence of
the laminate of interest, the program calculates the non-
mechanical loads and strains for the given laminate. Pro-
gram 3 is also capable of providing the stresses and strains
in each ply of the laminate in both the ply- and laminate-
axis systems. The initial strains from Program 2 as well as
the non-mechanical strains from Program 3 are retained
thruout the execution of Programs 5 and 6 so that they are
available for use in the calculation of the strength ratios.

Program 4 calculates the mechanical properties of a single
nly of composite material. This program calculates both the
on- and off-axis values of the stiffness moduli and compli-
ances. Rotation of stresses and strains is also accom-
plished by Program 4. In addition, multiplication of stiff-
ness moduli and strains or compliances and stresses can be
performed for both the on- and off-axis cases.

Program 5 is used to handle in-plane properties of laminates.
Elements of the in-plane moduli (A-matrix) and their invers-
es can be calculated for any given laminate (symmetric or
unsymmetric). Program 5 also provides values of the A- and
inverse A-matrices rotated from the original laminate axes
thru any desired angle. For symmetric laminates, this pro-
gram can be used to multiply the A-matrix and the in-plane
strains or the inverse A-matrix and the applied loads. Pro-
gram 5 can also provide the stiesses and strains in each ply
of the laminate in both the ply- and laminate-axis systems.

Program 6 is similar to Program 5 except that it deals with
the flexural rather than the in-plane case. This program
can be used to calculate elements of the flexural moduli
(D-matrix) and their inverses for any given laminate
(symmetric or unsymmetric). Values of the D- and inverse
D-matrices rotated thru any desired angle from the original
laminate axes can also be calculated. For symmetric lami-
nates, Program 6 can be used to multiply the D-matrix and
laminate curvatures or the inverse D-matrix and the applied
moments. Stresses and strains in each ply of the laminate
in both the ply- and laminate-axes systems at any given dis-
tance from the laminate midplane can be calculated by Program

6‘
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When heat or moisture is applied, the ply
expands. The amount of expansion is
related to the ply orientation.
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FIGURE 3: Translation of moduli by a distance "d"
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Program 7 calculates values for the coupling moduli (B-ma-
trix) and their inverses for unsymmetric laminates. This
program can also rotate the values of the B- and inverse B-
matrices thru any desired angle from the original laminate
axes. Although Program 7 does not perform any multiplica-
tion, its output can be used as input for programs (written
by the module user) dealing with unsymmetric laminates.

Program 8 uses the strains generated in previous programs
(both mechanical and non-mechanical) to calculate values

for the strength ratios of each ply in a given laminate.

The user should use Program 1 to provide the necessary ma-
terial properties, Programs 2 and 3 to calculate non-mechan-
ical strains, and Program 5 for in-plane mechanical loads

or Program 6 for bending. It is then necessary to input
ultimate strengths for the material of interest. Program 8
allows the user to convert the input ultimate strengths into
English or SI units either singly or as a complete list.
After all of the ultimate strengths for the material have
been input, the values of the F's and G's - coefficients

for the strength ratio equation - are calculated and output.
Program 8 then calculates the strength ratio for any ply of
the given laminate when supplied with the ply orientation
(for the in-plane case) or the ply orientation and distance
of the ply from the laminate midplane (for the bending
case). When the non-mechanical strains are negligible, the
user may skip their calculation and proceed directly from
Program 1 to Program 5 or 6.

Program 9 calculates the values of the A-, B-, and D-ma-
trices and their inverses when translated a distance, 4,
from the midplane of the laminate. See Figure 3. After
using Program 1 to calculate the needed material properties,
the user inputs the stacking sequence and the distance from
the midplane of the laminate. Program 9 then calculates the
translated values of the A-, B-, and D-matrices using the
following relationships:

ij ij
T
. = dA,. +
1] 1] 1]
' 2
D.. = d"a + 2dB.. + D..
19 i ij
where the primed variables ai znslated values and
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unprimed variables are those which have been calculateu from
the laminate midplane. Program 9 will also invert the trans-
lated matrices. This program can be used to calculate mod-
uli for stiffeners or sandwich beams.

To demonstrate the use of the module, I'll describe a samp-
le problem done with the programs used in the development

of the module. Figure 4 illustrates the keyboard of a stand-
ard TI-59 calculator. (A TI-58 is the same except that there
is no "write" command). Figure 5 shows the output produced
by the PC-100A printer. (The symbols typed next to the
printed output have been added for this explanation. They
are not produced by the PC-100A printer). If this problem
were run off the printer the numerical answers would appear
in the display of the calculator and the user would be able
to step thru them using the Run/Stop (R/S) key.

The problem solved in Figure 5 is to find the mechanical
stresses in the center of each ply (in both the ply- and
laminate-axes systems) in a [0/345]s laminate of AS/3501
when a bending moment of 1000 Nm is applied in the 1l-direc-
tion. After inserting the composite materials module and
turning the calculator on, the user should press 2nd ENG
to put the calculator in encineering notation. If another
type of output (e.g. FIX 3) is desired, the user may set
the calculator in the desired notation and the numerical
output will be printed (or displayed) in the desired nota-
tion. However, some of the labels may be incorrectly
printed if the calculator is in other than engineering nota-
tion.

To solve the sample problem, the user must first press 2nd
PGM 01 to call the first program. This program allows him
to input the engineering constants and ply thickness for
AS/3501 and to calculate the material properties which will
be required by the moment/curvature program. After calling
Program 1, the user presses E which partitions and clears
the calculator memory, tests for the printer connection,
prints "ENT" (to tell the user to enter his data), and
places a "1" in the display to inform the user that the cal-
culator is ready for the first engineering constant (Eg).
The user must then key in the value of Ej for AS/3501 and
press R/S to enter this value. The calculator then prints
the value of E, and places a "2" in the display indicating
that it now requires the value of the second engineering
constant (Ep). The user continues entering the engineering
constants and the ply thickness for AS/3501. Following en-
try of the fifth value, the calculator advances the paper
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and awaits further instruction. If the user wishes to con-
vert the units of any entry, he must key in the entry and
press C (to convert from English to SI) or 2nd C (to convert
from SI to English) before he presses the R/S key; to con-
vert all five entries, the user should press C or 2nd C after
entering the fifth value. The calculator will then print
out the converted values for all five input values. Upon
completion of data entry for AS/3501, the user presses key

A and the calculator calculates and prints out the reducec
stiffness moduli (Q), compliances (S), the U's (constants
required for the calculation of off-axis values of Q), anc
the invariants (I).

After using Program 1 to calculate the required values of
the material properties for AS/3501, the user presses 2nd
PGM 06 to call Program 6 which deals with mechanical bending
of a laminate. To enter the laminate's stacking sequence,
the user presses A and a zero is displayed. The user keys
in the total number of plies in the laminate (in this case,
6 ) and presses R/S. The total number of plies is printed,
the paper is advanced, and a "6" is displayed to indicate
that the ply orientation of the sixth (top) ply is required.
The user keys in a "0" and presses R/S to enter this value.
The zero is printed and a "5" is displayed indicating that
the fifth ply orientation is now needed. The user contin-
ues entering all ply orientations in the laminate (as the
display counts down). Upon entry of the last angle, the
calculator advances the paper and awaits instruction.

To enter the applied bending moments, the user presses SBP
STO D and a "1" is displayed. The user keys in 1000 and
presses R/S to enter the value of Mj. A "2" is then dis-
played to indicate that the value of M, should now be en-
tered. Following entry of all three bending moments (M3,
My, and Mg), the user may press SBR RCL D to output the
stored values thereby allowing him to check his input
data.

Once the stacking sequence and bending moments have been
entered, the laminate curvatures can be calculated by
pressing SBR RCL SBR INV B SBR X SBR RCL D. SBR RCL SBR
INV B calculates and outputs the values of dj; (the in-
verse of the D-matrix). SBR X tells the calculator it
will be performing a matrix multiplication. SBR RCL D
outputs the stored bending moments. Upon completion of
this sequence, the matrix multiplication d;+M:, which re-
sults in the values of ki, is automatically pérformed. The
user then presses SBR RCL E to output kj. If the user
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wishes to simply perform the matrix multiplication d;
w7ithout outputting the values of d; ij and MJ, he can oml% the
SBR RCL before SBR INV B and before”D.

Once the laminate curvatures have been calculated, the stress-
es and strains in each ply of the laminate (in both the ply-
and laminate-axis systems) can be found. Since all ply
stresses and strains are calculated in the same manner, only
the -45 degree calculations (Figure 5C) will be explained
here. To describe a desired ply the user presses 2nd C and
a zero is displayed indicating that the ply's orientation

is required. The ply angle should be entered using the R/S
key and a "1" will be displayed to tell the user that a
value of Z (distance from the laminate midplane to the point
of interest) is needed. Since we are interested in the
stresses and strains in the center of the upper -45 degree
ply, a 1.5 (the value of Z in units of ply thickness) is
keyed in and R/S is pressed. Now that the ply of interest
has been identified, the ply strains may be recalled by
pressing SBR RCL E for ply strains in the laminate axes and
SBR RCL 2nd E for ply strains in the ply axes. Ply stresses
can be calculated by multiplying the on-axis values of Q

and the ply strains in the ply-axes system. This multiplica-
tion is performed by pressing SBR RCL C SBR X SBR RCL 2nd E.
The resulting ply stresses can be output by pressing SBR

RCL D for ply stresses in the laminate axes and SBR RCL 2nd
D for ply stresses in the ply axes. Once the stresses and
strains in the -45 degree ply have been output, the user
may calculate the ply stresses and strains in any other plv
by pressing 2nd C, identifying the new ply, and repeating
the sequence. The results of all three ply orientations of
our sample laminate are shown in Figures 5B and 5C. Once
again, if the user did not want to output the values of Q4 5
and €5 when he performed the matrix multiplication to cal-
culate the stresses, he could have omitted the SBR RCL be-
fore C and before 2nd E.

As can be seen in Figures 5B and 5C, the symbol "L" is used
to identify force-related parameters (stress, loads, and mo-
ments) and "E" is used for displacement-related parameters
(strains and curvatures). This symbology is used in all
programs in the module. Also, in programs dealing with
laminates, primed values indicate "ply axes" and unprimed
values mean "laminate axes" where stresses and strains are
concerned.

Though calculation of the ply stresses in the sample problem
may seem complicated the first time thru, Figure 6
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illustrates that the problem solution is actually quite
straightforward. To simplify program use, labels identify-
ing the user-defined keys will be provided for each prograri.
A user who has become familiar with the composite materials
module can calculate ply stresses in each ply in less than
fifteen minutes. When I solved the same program using a
non-programmable calculator, the solution required several
hours and much more paper. In addition, the possibilities
for error were limitless.

As mentioned earlier, the programs for the composite mater-
ials module have been turned over to Texas Instruments
Incorporated for fabrication of the module. The library
modules are scheduled for delivery sometime in September
of 1979.

The Air Force Materials Laboratory foresees several potential
applications for the composite materials module. Though
computers will still be needed for detailed analyses, the
calculator/module combination can provide the engineer with

a fast, economical way to perform preliminary calculations
which can give him a "feel" for various trends. Armed

with this information, he can then make more efficient use

of his computer resources.

By relieving the user of the necessity of having to set up
all of the necessary calculations on his own, the module
enlarges the group of personnel able to perform composite
material calculations. Calculations which were once per-
formable only by a small number of highly paid engineers or
consultants can be done by junior engineers or technicians.
Figure 7 lists some of the calculations carried out by the
composite materials module.

Once the number of people able to do composite material anal-
yses has increased, the need for many of the expensive tests
being done today in order to obtain empirical results for

use in design specifications may decrease. The module may
also provide a quick and easy means for technicians to check
test results as testing is being done. In addition, engin-
eers will have a readily available method for obtaining in-
formation concerning proposed designs during the course of
their planning sessions.

Finally, the module can be an aid to a short-course in com-

posite materials. By relieving students of the need to
laboriously perform all of the long and somewhat tedious
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watrix mathematics required to solve composites problems,
more time can be devoted to grasping concepts without
sacrificing the valuable experience of obtaining numerical
solutions. The possibility of arithmetic error in the cal-
culation of results is also greatly reduced.

It is hoped that with the aid of the composite materials
module, the orthotropic material calculations which right
now seem so formidable to many will eventually become as
familiar and straightforward as those for isotropic
materials.
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