














Table 5.15 Comparison of nondimensionalized displacements from Ref. 28 and SANDB.

Model u(10000)/h w(100)/h
Robbin&Reddy-CBT 8.3787 -2.0393
Robbin&Reddy-SDBT 8.3787 -2.0393
Robbin&Reddy-MLBT1 | 8.0239 -2.0393
Robbin&Reddy-MLBT2 | 7.8699 -2.0358
SANDB 8.0723 -2.1707

The transverse deflection calculated by SANDB is slightly larger than other models. The
percentage difference of SANDB with MLBT2 is 6.63 % and it is 6.44 % for other three
models. This is still a good comparison considering that the SANDB is a one-dimensional

model and the others are all two-dimensional.

5.3.3 Angle of twist induced by bimoment

An aluminum beam with four PZT actuators bonded on as shown in Fig. 5.11 was used to
verify the angle of twist induced by bimoment actuation. The angle of twist was calcu-

lated by the SANDB and NASTRAN and they were compared to verify the SANDB.

Actuator length = 1.5 in
Actuator width =0.5in
Actuator thickness = 0.0075 in

0.03125in]

PZT Actuators

Fig. 5.11 An aluminum beam with four PZT actuators.
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5.3.3.1 NASTRAN model

A solid model (three-dimensional) of the beam shown in Fig. 5.11 was created for
NASTRAN analysis. Hexagonal elements were used for the entire model. 512 elements
were used for the beam and 12 elements were used for the PZT actuators with three ele-
ments for each actuator, were used. Induced forces for each actuator were calculated ana-
lytically and applied as nodal forces at the end of actuators to simulate the bimoment
activated by PZT. The twist of angle was derived from the displacements calculated by

NASTRAN.

5.3.3.2 Comparison

The comparison of the twist of angle calculated by SANB and NASTRAN is shown in
Table 5.16. The difference between the two methods is 5.92 %. This is in a reasonable
range considering that the NASTRAN model is three-dimensional and the SANDB model

is one-dimensional.

Table 5.16 Angle of twist from SANDB and NASTRAN for bimoment actuation.

SANDB NASTRAN
0.20159 ° 0.21427°

5.4 Convergence study
An isotropic beam with a simple configuration of PZT patches, as shown in Fig. 5.12,

was used to study for convergence of the finite element solution. There are two PZT
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Fig. 5.12 The beam dimensions and different meshing.

patches of the same width as the beam, one bonded on the top and the other on the bottom
of the beam. The width of the beam and the PZT patches is 3.0 inches and the thickness of
the each patches is 0.03 inches. The material properties are the same as whose used the
previous section, Robbin and Reddy (Table 5.14) but the adhesive layer was not included.
There are three different meshes used for comparison, and these meshes are also
shown in Fig. 5.12. In each mesh, the beam is divided intb three sections. The range in x
for section one is 0 < x < 0.5 inches, section s is 0.5 < x £ 2.5 inches, and the rage for sec-
tion three is 2.5 < x £ 12.5 inches. In Mesh 1 each section was divided into five equal
length elements, for a total of fifteen elements. In Mesh 2 each section is divided into ten
equal length elements, for a total of thirty elements. In Mesh 3 sections one and three
were divided into ten equally spaced element, while section two was divided into twenty
equal length elements. Mesh 3 has forty elements total. Also, a fourth mesh was consid-

ered in some cases. Mesh 4 has forty total elements, ten in section one, twenty in section
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two, and ten in section three. However, the elements in Mesh 4 are not the same length.
Shorter elements were used in the region around the edge of actuators and longer elements

were used in the rest of the beam.

5.4.1 Induced bending deformation

A bending moment was induced in the beam shown in Fig. 5.12 by applying induced
strain of 200 e to the top PZT actuator and -200 pe to the bottom actuator. The trans-
verse deflections over the length of beam calculated by 3 different meshes, are shown in
Fig. 5.13. As it can be noticed from the figure, good convergence was achieved for each
mesh. The element size does not have significant effect on the value of the transverse dis-

placements for induced bending of the isotropic.
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Fig. 5.13 Distribution of the transverse deflection of the beam subject to induced bending.
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5.4.2 Induced bimoment deformation

The top and the bottom patches of the beam shown in Fig. 5.12 were divided into two

patches along y-axis, resulting in a total of four patches on the beam. Strains with oppo-

site signs and a magnitude of 200 pe were applied to the PZT actuators to induce a bimo-

ment. (The actuator configurations for inducing a bimoment are explained in Section 3.4.)

The comparison between the three meshes for the angle of twist are shown in Fig. 5.14. It

can be observed from the figure that the length of the element is critical for these elements

near the edges of PZT actuators. Differences in the twist angle on the right side of the

actuator between Mesh 1 and Mesh 3 are significant.

0.002

0.001

T (rad) 0.000

-0.001

-0.002

Fig. 5.14 Distribution of the angle of twist for the beam subject to induced bimoment.
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The comparison for the first derivative of the angle of twist is shown in Fig. 5.15. Like
the case for the angle of twist, the need for mesh refinement around the edges of actuators

can be observed from this figure also.

/
Z)
0.004 —
| ————-Mesh 1
—-— Mesh 2
0.002 ———— Mesh 3
7' 0.000
-0.002
_0-004—IlllllLlLiIJJIlIILlJIIII
0.0 0.2 04 0.6 0.8 1.0

x/L

Fig. 5.15 Distribution of the derivative of the twist angle for the beam
subject to induced bimoment.

The comparison of the predicted twist of angle between Mesh 3 and 4 is shown in Fig.
5.16. These two cases converged almost identically. There are slight differences in the

prediction of the angle of twist in the region of the right hand edge of the PZT actuator.
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For Mesh 4, the element lengths in the region near the edges of actuator were highly
refined and this resulted in a smoother curve. Since the elements with longer lengths are
used in the right side section of the actuator in Mesh 3, the difference with Mesh 4 is more

obvious for this region.
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Fig. 5.16 Distribution of the angle of twist for the beam subject to induced bimoment.

The distributions of the first derivative of the angle of twist for Mesh 3 and 4 is shown

in Fig. 5.17, and a similar behavior as Fig. 5.16 is observed.
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Fig. 5.17 Distribution of the derivative of the twist angle for the beam
subject to induced bimoment.

From this study of mesh refinement, it was found that a refined mesh near the edges of

actuator results in a better prediction of the angle of twist and its derivative.

5.4.3 Distance between distributed PZT Patches

Induced forces from PZT patches are transferred to substrates at the edges of patches.
When the PZT actuators are activated for a bimoment, there are counter bimoments

induced at the two edges of the patch. This can be observed in Fig. 5.14 in the previous
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section by the drop and rise of angle of twist near the edges of actuators. If an edge of the
PZT actuator is restrained, the counter effects will be suppressed. If actuators are spatially
distributed on a beam, counter bimoments could result in either a drop and rise in the angle
of twists between actuator or the drop and rise could be suppressed. To study the effect of
the separation distance between distributed patches, a cantilever beam with distributed
PZT actuators was analyzed. The dimension and the material properties of the beam are

the same as the beam used for study of mesh refinement in Sections 5.4.1 and 5.4.2.

0.003
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Fig. 5.18 Comparison of the angle of twist for a beam with distributed actuators.

The angle of twist over the beam length for a cantilever beam with distributively
bonded PZT actuators is shown in Fig. 5.18. The beam was divided into 49 equal length

elements for Case 1 and PZT patches were bonded onto every other element starting from
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the wall, resulting a total of 25 PZT actuators distributed over the whole beam. In Case 2,
the beam was divided into 25 equal length elements with PZT patches on every other ele-
ments, for a total of 13 PZT actuators distributed on the whole span of the beam. In both
cases, the separation distance between actuators was the same as the element length which
the same as the PZT patch length.It is observed from Fig. 5.18 that the influence of counter
bimoments between adjacent actuators is suppressed in both cases. Only the first and the
last PZT actuators have effected the angle of twist.

The first derivative of the twist angle over the span of the beam for Case 1 and 2 is
shown in Fig. 5.19. The counter effects of bimoments from each actuators are shown as a
drop and rise in the derivative of twist, and the locations of actuators are obvious from
these curves. The actuators at the wall and at the tip have the most influence on the deriv-

ative of the twist as was the case for the angle of twist.
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Fig. 5.19 Comparison of 1’ for a beam with distributed actuators.
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The distance between the distributed PZT actuators is the same as the actuator length
for Case 1 and 2. For Case 3, this distance was doubled. Case 3 has distributed actuators
which are the same size as in Case 2 but the total number of actuators on the beam is 7
since they are distributed over a wider range. The comparison of angle of twists for Case
2 and 3 is shown in Fig. 5.20. Case 3 shows a drop and rise in the angle of twist between

actuators indicating
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Fig. 5.20 Comparison of angle of twists for a beam with distributed actuators.

the effects of the distance between the distributed actuators. The first and last actuators
play still the important role to the induced twists for Case 3 as in the other cases.

The comparison of the first derivative of angle of twist for Case 2 and 3 is shown in
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Fig. 5.21. The trend in this curves are similar to the other cases; €.g., compare to Fig.
5.19. The location of PZT actuators can be observed as a drop and rise in the curve. The
influence of the actuators at the wall and the tip are seen to have the largest effect on the

derivative of the twist angle.
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Fig. 5.21 Comparison of ©’ a beam with distributed actuators.

5.5 Torsional problems

Torsion can be caused by either St. Venant torque, bimoment, or a combination of the

two. According to Gjelsvik,47 torsion can be expressed as;

Elgo0"" —GJY” = —(Mgy' —T) (5.5)
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where ¢ is angle of twist, I is warping constant, J is torsion constant, Mg, is bimoment,
and T is St. Venant torque. Depending on the magnitude of the resistance, bimoment

resistance, Elq. and torsion resistance, GJ, the torsion problem can be approximated by
one method, of bimoment or St. Venant torque. A detailed discussion about the torsional

problem can be found in Gjelsvik.47

5.5.1 Bimoment resistance

In this study, control of a beam by bimoment is of major interest. To effectively con-
trol a beam, it is critical to reduce the bimoment resistance. In this section, configurations

which will reduce the bimoment resistance are examined.

5.5.1.1 Different facing materials and thickness
The sandwich beam used for the study of bimoment resistance, Elqq, is shown in Fig.

5.22. Rohacell foam was used for the core. The material and the thickness of the fac-

%

N

le N
F003m T

Fig. 5.22 The dimension of a sandwich beam.

ings were varied to study the effects. The material properties of the beam are shown in

Table 5.17. For Graphite/Epoxy facings, fibers were orientated at the 0°, on the beam axis.
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Table 5.17 The material properties of a sandwich beam.

Rohacell Foam Aluminum Graphite/Epoxy
Core Facings Facings
El (Pa) 128.41E6 68.9E9 138.0E9
E2 (pa) 128.41E6 68.9E9 10.0E9
G12 (Pa) 71.31E6 26.2E9 6.90E9
G31 (Pa) 71.31E6 26.2E9 3.86E9
nl2 0.3 0.315 03

Bimoment resistance of sandwich beam with different facing materials and facing
thickness, tg, is shown in Table 5.18. From Table 5.18, it can be concluded that the thinner
the facings, the smaller the bimoment resistance. The bimoment resistance for a solid alu-
minum beam of the same dimension is 0.34881E-G3 (Pa in6). Thus the sandwich configu-

ration with thin facings has advantage over the solid beam in reducing the bimoment

Table 5.18 Bimoment resistance of sandwich compesite beams with foam core.

Aluminum Graphlte/Epoxy
tr (m) te/tf Facings (Pa in6) - Facings (Pa in )
0.001 1.0 0.33589E-03 0.67277E-03
0.0005 4.0 0.24565E-03 0.49182E-03

0.00015 18.0 0.94574E-04 0.18980E-03

resistance. Also, it was found that with the fiber orientation of 0°, the advanced fiber-rein-
forced composite facing is inferior to the traditional material facings in reducing the bimo-

ment resistance.
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5.5.1.2 Orientation of the fibers

In the previous subsection, it was found that the thin advanced-fiber reinforced facing

composite sandwich beam with the 0° fiber orientation have the small bimoment resis-

tance but not as small as the aluminum facings. Using the configuration, t;=0.00015(m) of

Graphite/Epoxy facings, further study of the bimoment resistance was done about fiber
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Fig. 5.23 Bimoment resistance vs. fiber orientation in facings.

orientations. Fig. 5.23 shows the bimoment resistance for various fiber orientations. The

least bimoment resistance occur at the fiber orientated 90° off axis from the beam axis.
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5.5.2 Decay length

A cantilever beam shown in Fig. 5.22 with Graphite/Epoxy facings was used to study

the decay length of bimoment induced by PZT patches bonded on the beam. The cross-

sectional property for this beam was chosen according to the results in Section 5.5.1.1 and

the thin facings, ty=0.00015 (m), was selected for its low bimoment resistance. Four PZT

patches were perfectly bonded on the whole surfaces of the beam, two patches on the top

and other two on the bottom. Material properties of PZT patches were the same as the

example in Section 5.3. (refer Table 5.11) The voltage of 100 V was applied to the PZT

patches to induce bimoment in the different directions, as in the configurations explained

in Section 3.4. (Positive and negative on the top two patches and negative and positive to

the bottom ones.)
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Fig. 5.24 Decay of bimoment.
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The decay of bimoment for various fiber orientations over the nondimentionalized length
of the beam is shown in Fig. 5.24. Here, x is the coordinate according to Fig. 5.22 and L is
the length of the beam. Mg, is the bimoment in the beam at the given location and Mg, is
an applied/induced bimoment resulting at the tip of the beam. For all the fiber orienta-

tions, bimoment decays quickly around x/L=0.9. The close up of Fig. 5.24 for
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k ............. 60 degrees
—_—_——— 75 degrees
0.00004 |— | .. g0degrees
Mg/ Mg,
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|
-
0.00000 S
0.75 0.80 0.85

Fig. 5.25 Close up of Fig. 5.24.

0.75 =<x/LL.<=0.85 is shown in Fig. 5.25. From this figure, it can be said that the decay of
bimoment is slower for the smaller angle of the fiber orientation. For the 30° to 90° fiber

orientations, the difference is insignificant compared to 0° and 15° fiber angles.
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5.5.3 Effectiveness of control by bimoment

1.32'

Experimental results from Park et al.”~ were used for comparison to display the effec-

tiveness of torsional control by bimoment. Park et al. conducted experiments to study the

PN

DAP element
/ AN

/\/

v

16 in

Fig. 5.26 A cantilever beam of Park et al.

effectiveness of torsional control by DAP (Directionally Attached Piezoelectric) elements.
The cantilever aluminum beam with 3 DAP elements shown in Fig. 5.26 was used for the
experiments. The angle of B was varied to study the effects of DAP elements. The thick-
ness of the beam is 0.03125 in. The dimension of the DAP elements are shown inTable

5.19. 175 pe of induced strains was applied to DAP elements to activate the beam.

Table 5.19 The dimension of DAP elements.

Length (in) Width (in) Thickness (in)
2.0 0.25 0.0075

Two configurations analyzed for the effectiveness of bimoment actuation are shown in Fig.
5.27. The beam has the same dimension as the Park et al. There are a total of four PZT
actuators on the beam, two on the top as shown in Fig. 5.27, and the other two on the bot-

tom and with exactly the same configuration as that of the top ones. The total area and
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Fig. 5.27 The configurations of PZT patches for SANDB.

the thickness of the PZT are the same as the experiments’ case. An induced strain of 175
le was applied to these PZT patches to induce bimoment.

The comparison of angle of twists at the tip of the beam between the bimoment tor-
sional control calculated by SANDB and the experimental results from DAP element tor-

sional control is

Table 5.20 Comparison between bimoment control and DAP element control.

Case 1 Case 2 B=15c [ PB=30° |P=45°
0.216° .168° | 0.035° 0.055° 0.063°

shown in Table 5.20. Case 1 and 2 are calculated by SANDB and others were experimen-
tal data. Case 1 induced more twist than Case 2 in bimoment torsional controlling. In the
experiments, § = 45° induced the largest amount of angle of twist. It is clear that the
bimoment is much more effective torsional control with the same amount induced strain.

Case 2 induced a 2.7 times the largest induced twist in DAP elements.
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6. Concluding remarks

6.1 Summary

The objective of this study was to develop a model to predict the static response of
sandwich composite beams in extension, bending, and torsion subjected to piezoelectric
induced forces from bonded PZT actuators. A finite element code is developed to deter-
mine the response of the beam subjected to induced strains from the PZT actuators.

The analytical model is developed from the displacement field suggested by Re:ddy.15
Integrating virtual work with respect to the thickness coordinate, a plate theory was
derived using Reddy’s displacement field. Then a plate model with bonded PZT is formu-
lated using a constitutive law. This plate model is reduced to one-dimensional beam
model by assuming the plate displacements as explicit functions of the width coordinate.
Including effects of shear-stretch, bend-twist, and warping, this beam model is capable of
modeling torsional problems. The new model is capable of inducing a torsional effects
without using a DAP element since a higher order moment, bimoment, is integrated in the

model.
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The finite element model is developed with one-dimensional, two noded elements with
nine degrees of freedom at each node. Lagrangian and Hermitian interpolation functions
are used. An element with PZT and one without PZT are constructed and assembled in
various orders to model different configurations. In both analytical and numerical models,
the PZT is assumed to be perfectly bonded to the substructure beam, thus treated as a part
of the substructure. To implement this assumption in the finite element model, induced
forces are treated as nodal forces at the edge of actuators following the findings of Craw-
ley and De Luisz4; i.e., the consistent load vector from the finite element method is not
used. A complete code called “SANDB” was written to implement the finite element

solution.

6.2 Discussions and conclusions

6.2.1 Numerical study

6.2.1.1 Verification without piezoelectric effects

To verify the analytical method, various numerical studies were done. As the first step,
comparison with exact solutions were conducted on simple problems, an isotropic beam
without PZT actuators under general loadings. Axial and transverse displacements were
found to be in excellent agreement with exact solutions. Angle of twist under torsional
loads was found to be accurate for beams with high the width to thickness ratio. This lim-
itation was a result of the thin wall beam theory assumption taken in the course of devel-
opment of the model.

Angle of twist resulting from the material coupling was verified with a two-dimen-
sional model constructed using I-DEAS. A cantilever laminated beam, fibers oriented at

45° in each ply without PZT actuators, under a tip load was analyzed. Both transverse
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deflection and angle of twist calculated by SANDB were verified to be in good agreement
with results obtained with the finite element code I-DEAS. The one-dimensional model of

SANDB did not show any discrepancy with the two-dimensional model of I-DEAS.

6.2.1.2 Effectiveness of using the higher-order theory for sandwich beam

A simply supported sandwich beam under a point load was analyzed by different
methods. Predictions from SANDB were compared to NASTRAN, Sharma and Raog, and
Holt and Webber.!10 A parameter study was done by varying the thickness and the stiff-
ness of the core. For all cases, SANDB correlated very well with NASTRAN model and
showed its flexibility to overcome the limitations other models had.

Ko’s?0 cantilever beam of thin and stiff core under a distributed force was also studied.
SANDB calculated transverse deflection that were quite comparable ( 2.02 % difference)
to Ko’s exact solution.

Finally, a sandwich beam with transversely flexible core studied by Frostig and

Baruch!4

was analyzed for evaluation of the present program. Even though SANDB is not
capable of modeling local effect under a point loading and including peeling stresses, pre-
diction for the transverse displacement using SANDB was within 4.43 % of Frostig and

Baruch resuslts. !4

6.2.1.3 Verification with piezoelectric effects

An isotropic beam with PZT actuators were used to verify the piezoelectric modeling
part of SANDB. A computer code DAISA** was used to calculate transverse deflections
under induced bending for 2 cases. Predictions of SANDB were excellent, less than 0.5 %
difference with DAISA’s results.

To verify the prediction of axial displacement under extension and bending by PZT
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actuators, models from Robbin and Reddy?® were used as comparisons. The axial dis-
placement predicted by SANDB was within 2.57 % of Robbin and Reddy”’s results.2® The

transverse deflections from SANDB were slightly higher.

6.2.1.4 Convergence study

A simple isotropic cantilever beam with a pair of PZT actuators was used to perform a
convergence study. Four different meshing schemes were compared for transverse deflec-
tion under bending activated by PZT, and also the angle of twist and its derivative under
induced bimoment were compared. Different meshes did not have much effect on the con-
vergence of the transverse deflection. Angle of twist and its derivative were more sensitive
to the mesh size. PZT induced forces are a local phenomena thus refinement of mesh at
the edge regions of actuators proved critical.

Effect of the distance between distributed PZT actuators on local interference was
studied using the same beam as the one used for the convergence study under an induced
bimoment. It was found that the distance between the actuators affects the local interfer-

ence. Also, the important role of the actuators at the ends of the beam was observed.

6.2.1.5 Torsional problem

In this study, torsional control was accomplished with bimoments from PZT actuators.
This can be done without having DAP elements. Different aspects of torsional problem
were studied.

Bimoment resistance was calculated for different cross-sectional configurations. The
sandwich construction has a reduced bimoment resistance and thus was found to be more
suitable for twist control using an induced bimoment. The thinner the facings were, the

lower the bimoment resistance. Using a higher fiber orientaion angle for advanced com-
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posite facings results in lower resistance.

The decay length of the bimoment was calculated for a sandwich beam with different
fiber angles in the face sheets, and it was observed that fiber angles close to the longitudi-
nal direction of the beam results in a slower decay. For most fiber orientations, the effect

of the bimoment was found to decay in a distance around 10 % of the beam length.

6.2.1.6 Bimoment torsional control

Experimental data from Park and Chopra34 on torsional control by DAP elements
were compared to the predictions from SANDB by bimoment torsional control. It was
found that for this type of control the bimoment control is superior to the control pre-
scribed by DAP elements. Bimoment induced much more angle of twist with the same

induced strain and the same amount of PZT actuators. The improvement was 270 %.

6.2.2 Conclusions

From the different numerical analysis stated above, following conclusions were

drown.

1. Use of the higher-order transverse shear deformation plate theory for modeling
sandwich beam with or without PZT actuators can predict static response accu-
rately with any configuration of the core thickness and core stiffness.

2. Refinement of mesh in the edge regions of actuators is crucial, especially for acti-
vated bimoment case.

3. The distance between distributed actuators has a significant effect on the local inter-
ference for bimoment actuations.

4. Bimoment resistance can be reduced by sandwich configuration, particularly by

thin advanced fiber reinforced composite facings with 90° fiber orientation.
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5. Decay of induced bimoment is slower for smaller angle of fiber orientations.
6. Bimoment torsional control is more effective than the torsional control by DAP ele-

ments.

6.3 Future work

The present model does not include shear lag effects of the adhesive layers between
the beam and PZT patches. The perfect bonding assumption was taken and the modifica-
tion was done to the finite element model, treating the induced forces as nodal forces, to
over come this shortcoming. Modeling an adhesive layer between the bonded PZT
patches and the substrate will result in a more realistic and accurate model.

For unsymmetrical sandwich beams, the effect of bending and extensional stiffness of
the core can not be neglected. In present model, these core stiffnesses were included but
analysis was done only on symmetric sandwich beams. Studying response of unsymmet-
rical sandwich beams will bring more credibility to the model developed.

The optimization on the location of actuators for various control will be a great inter-
est. The effectiyeness of bimoment torsional control could be improved by finding the
optimum location of the actuators.

In this study, PZT patches were used as actuators. Including the electrical degree of
freedom to the model will let the PZT to be used as sensors. This will result in a closed
loop form of the control with feedback from the sensors. Since bimoment torsional con-
trol was more effective than the control by DAP elements, it can be said that with this
model PZT can be better torsional sensor, being more sensitive to induced charge density
from strains.

Finally, experimental verification will add credibility to this model and the possibility

of bimoment torsional control, which has not been studied by others.
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