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a b s t r a c t

The performance, integrity, and safety of built-up structural systems are critical to their
effective employment in diverse engineering applications. In conflict with these goals,
harmonic or random excitations of structural panels may promote large amplitude oscil-
lations that are particularly harmful when excitation energies are concentrated around
natural frequencies. This contributes to fatigue concerns, performance degradation, and
failure. While studies have considered active or passive damping treatments that adapt
material characteristics and configurations for structural control, it remains to be under-
stood how vibration properties of structural panels may be tailored via internal material
transitions. Motivated to fill this knowledge gap, this research explores an idea of adapting
the static and dynamic material distribution of panels through embedded microvascular
channels and strategically placed voids that permit the internal movement of fluids within
the panels for structural dynamic control. Finite element model and experimental in-
vestigations probe how redistributing material in the form of microscale voids influences
the global vibration modes and natural frequencies of structural panels. Through param-
eter studies, the relationships among void shape, number, size, and location are quantified
towards their contribution to the changing structural dynamics. For the panel composition
and boundary conditions considered in this report, the findings reveal that transferring
material between strategically placed voids may result in eigenfrequency changes as great
as 10.0, 5.0, and 7.4% for the first, second, and third modes, respectively.

© 2017 Elsevier Ltd. All rights reserved.
1. Background and motivation

Harmonic or random excitations of structures can lead to large amplitude oscillations at the modes of vibration, which are
significantly magnified when structures are driven around the natural frequencies. For aerospace structures, vibrations at
resonance are particularly concerning. In turbine engines for instance, vibration response has been found to be magnified by
1000 times normal levels when driven at resonance [1]. For compressor blades of such turbines, it was found that oscillations
at the lowest order modes are the primary reasons for fatigue fractures [2]. In fact, over half of aircraft structural failures are
caused by fatigue which includes the oscillatory stress cycles that are magnified at the natural frequencies of the system [3].
Vibrations excited by diverse energy sources, such as external flows or internal motors, also play large roles in the progressive
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weakening of aircraft panels and have been intently studied to understand the magnitude of their impact [4e6]. The need to
avoid such resonant operating conditions for aircraft structural panels pertains to multiple concerns, including structure
safety, aerodynamic performance, and integrity.

Research on structural vibration control methods has flourished, especially considering archetypal structures such as
cantilever beams and structural panels. For instance, piezoelectric materials have been embeddedwithin or directly mounted
on structures such as those used in aerospace applications for low profile, active vibration control purposes [7e9]. In addition,
the reduction of vibration or acoustic energy transmission through panels has been achieved using piezoceramic actuator
transducers [10], variable stiffness panels with piezoelectric control actuators [11,12], sensoriactuators that are used in
contrast to control units composed of separate sensors and actuators [13], control systems that are aided with the use of rib-
stiffened panels [14], and shunted piezoelectric patch absorbers [15]. Such active vibration control strategies may apply to a
wide range of working conditions [16] and enable fast response time [17] at the expense of complexity, electrical power
demand, and potential stability concerns.

Yet, the added complexity of the active electronic implementations, energy required to put the methods to practice, and
the potential for loss-of-control are reasons to instead prioritize development of passive adaptive methods that address vi-
bration concerns often without such drawbacks. For example, recent studies have explored the viability of embedding
temperature-sensitive silicone fluids within a cantilever beam having an internal channel [18]. In this case, the natural fre-
quencies and damping ratio are seen to change due to the added fluid mass and operating temperature [18]. Similarly, others
have focused on the incorporation of nanoscale channels and fluids to tailor the damping properties and frequency sensi-
tivities of nanomechanical resonators [19]. Alternative concepts of material redistribution for structural vibration control
have been achieved by using free-sliding masses along cantilever beams [20,21], while continued development of this idea
has shown that a passive restoring force to return the free-sliding mass to a starting position enhances vibration reduction
capability [22]. Other studies have shown that straight, fluidic passage networks attached to the top of a cantilever beam can
change the natural frequencies of vibration due to characteristics similar to vibration absorbers [23] while fluidic flexible
matrix composite tubes containing air-pressurized fluid may act as tunable vibration isolators [24]. The change in funda-
mental vibration characteristics of the systems accomplished by such passive adaptive strategies diminishes the possibility
for unrestrained resonant response when subjected to excitation energies.

Researchers have also explored changes to interior material distribution of structures to favorably tune the forced
response. For instance, internal honeycomb cores and viscoelastic cores augment stiffness and damping of structural panels to
advance system resilience when compared to panels composed of bulk materials [25e27]. Multi-layer and laminate panels
are also shown to balance structural integrity and light-weighting demands with desirable acoustic performance [28].
Furthermore, embedded poroelastic materials [29e31] reduce transmitted elastic energy through sandwich panels, while
porosity realized by perforated geometries reduces sound radiation compared to their solid counterparts [32]. All together, by
leveraging internal material, geometric, and structural features, the dynamic response of cantilever or panel architectures
may be favorably tuned to promote performance needs and system robustness when subjected to adverse excitation energies.

Despite the advancements surveyed above, it remains to be determined how concepts of material redistribution applied to
mostly one-dimensional cantilever beams [18e21] affect the structural dynamics of systems like panels whose three-
dimensional (3D) geometry is pivotal towards the dynamic behavior. One idea under investigation similar to this spirit is
the concept of microvascular channels within panels that are used to pass liquid metal and polymers for sake of realizing
tunable antenna [33,34], self-healing [35e37], and adaptive thermal properties [38]. Inspired by this idea, this research
explores the ability to tune low order vibration characteristics of structural panels by the transfer of material among internal
voids via microvascular channel passages that connect them. For panels, the multi-dimensional modal vibrations signify that
internal void placement obtains an increased importance when compared to the lower dimensionality of cantilever beams
[7,16,18]. Indeed, the attention to 3D structural panels opens up design flexibility for void shape, number, size, and location
that may tailor the vibration properties of structural systems commonly found in diverse engineering applications. Motivated
to fill this knowledge gap, this research uses computational and experimental methods to create and assess strategies of
design and implementation for microvascular voids in structural panels to tune panel dynamic properties.

This paper is organized as follows. Sec. 2 describes the development of finite element models to probe the adaptation of
dynamic response via microvascular channels and voids and presents results from comprehensive parameter studies. Then,
Sec. 3 presents the experimental undertakings for validating the model and exploring opportunities that may not yet be
probed by the finite element method due to computational feasibility. Finally, Sec. 4 summarizes the knowledge derived from
these investigations.

2. Finite element model investigations

This section presents the finite element (FE) model investigations that are used to evaluate the ability of voids to tailor the
vibration characteristics of structural panels. In all cases considered, the voids are positioned at the mid-plane of the panels.
Void shape, number, size, and location are the parameters considered to be available for manipulation. Then, guidelines that
enable changes in eigenfrequency via a material transition between voids are presented to direct experimental validation
efforts.

The FE method via COMSOL Multiphysics software is leveraged to model the panel dynamics. A solid model is used to
capture the through-thickness variation of material realized experimentally. Two cases of boundary conditions are
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considered. For panel edges with fixed-free-fixed-free boundaries (hereafter termed “fixed-free”), the panel is 12.70 cm by
8.46 cm in span and 3.2 mm in thickness. For all-free boundaries (hereafter termed “free-free”), the panel is 13.65 cm by
8.46 cm in span and 3.2 mm in thickness. For fixed-free boundaries, the 8.46 cm length of the panel is the fixed end. The
absolute panel dimensions are selected to accommodate the experimental efforts of this research, while acrylic is used for the
panel linear elastic material composition for similar reasons. As such, the density of the acrylic is taken to be 1190 kg/m3, the
Young's modulus is 2 GPa, and the Poisson's ratio is 0.35. In the subsequent FE model parameter studies of this Sec. 2, the
fixed-free boundary condition case is considered in detail, while both boundary condition cases are used for assessments with
respect to the experimental efforts reported in Sec. 3.

The FE model is used to emulate a scenario in which fluid is transferred into and out of voids via microvascular channels
that connect them, embedded within the structural panel, in an effort to tailor the dynamics of the panel, as seen in Fig. 1. The
voids, when incorporated, constitute removal of the middle third of panel thickness.

In preliminary efforts of this research, FE models of the dynamics of 3D panels with internal fluid-structure interactions
are found to be computationally infeasible due to an extreme number of required elements and therefore significant
computation time. Therefore, for a first approximation of the roles of fluid-filled voids on tailoring the dynamics of the panels,
it is assumed that the fluids filling the voids are the same as the panel material. The contributions to the mechanical and
dynamic behavior resulting from the small microvascular channels that connect the voids are also assumed to be negligible
and are thus omitted from the FE model geometry to accelerate the computational time. The efficacy of these assumptions is
later tested in the experimental efforts of this research, as reported in Sec. 3.

Prior to quantifying the effects of voids on changing the dynamic properties of the panels, an eigenfrequency evaluation is
conducted for the fixed-free panel without voids. Fixed-free panels are found to have first, second, and third eigenfrequencies
of approximately 275, 375, and 756 Hz. In FE model results presented hereafter, the percent change in eigenfrequency is
calculated as a difference between the eigenfrequencies of the panel with filled and empty voids.

To investigate the influence of void shape, either two circular voids with radius 1.06 cm or two square voids with side
length 1.88 cm, for equivalent surface area, thickness, and thus volume of material removed in the form of voids, are located at
the panel mid-plane. For a given FE simulation, the void positions are located at a specific extent along the 12.70 cm side of the
panel, as schematically shown in the inset image of Fig. 2(a). This schematic is displayed on the modal deformed state colored
by the stress distribution of the fundamental mode according to the color bar in Fig. 2(f). For each specific case of void
positioning, the percent changes in eigenfrequencies of the panel are calculated with respect to the panel without voids. As
seen in the plot of Fig. 2(a), the changes in the first eigenfrequency are nearly identical whether the voids are circular or
square-shaped. As a result of the practical significance of the fundamental eigenmode and frequency towards influencing
Fig. 1. Schematic of idea that is examined in this research. A structural panel, in an aerospace context is shown to contain embedded voids and microvascular
channels in its middle third of thickness.



Fig. 2. Finite element model investigation results for the influence of (a) void shape, (b) void number, (c) and (d) void size, and (e) and (f) void location on panel
eigenfrequencies. Each inset schematic shows the modal deformed state colored by the stress distribution of the fundamental mode according to the color bar in
Fig. 2(f). The percent change in eigenfrequency is calculated as a difference between the eigenfrequencies of the panel with filled and empty voids. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N.C. Sears, R.L. Harne / Journal of Sound and Vibration 412 (2018) 17e2720
structural panel behavior, in the subsequent FE model evaluations only the circular voids are considered to avoid the stress
concentrations in practical specimens that result from sharp edges like those found in squares.

Next, the influence of void number is investigated by calculating the percent changes in eigenfrequency from the unvoided
panel as one and two voids are varied across the length of the panel mid-plane, which results in an asymmetric panel in the
case of one void. Fig. 2(b) shows that a doubling in the number of voids symmetrically placed in the panel mid-plane leads to
an almost exact doubling in percent change in the first eigenfrequency. The inset images in Fig. 2(b) reveal a similar trend for
the second and third eigenfrequencies according to the same scale for reference. This finding suggests that the change in
eigenfrequency is directly proportional to the amount of material removed, at least to the extent examined here according to
the void shape and placement.

Although the number of voids may tailor the significance of eigenfrequency change, the roles of the relative size of voids
must likewise be determined. In the FE simulations, voids of radius from 1.06 cm to 1.69 cm are considered, as shown in the
inset images of Fig. 2(c) and (d) on the first mode stress distribution, to explore the influence of void size on the change in
panel eigenfrequencies. For symmetry sake, two voids are considered to be positioned in a mirror-symmetric way across the
panel dimensions. For voids placed in opposite panel corners, the results from Fig. 2(c) show that an increase in void radius
results in a decrease in eigenfrequency for the first, second, and third eigenfrequencies. Yet, for voids placed in the panel
center, the FE simulation results of Fig. 2(d) reveal that an increase in eigenfrequency is induced by varying the void area but
in the positive direction for the first and second eigenfrequencies and in the negative direction for the third eigenfrequency.
This suggests that location of material removal is critical to determine the relative stiffness and mass influences that
culminate in the eigenfrequency properties of the panel.

Such preliminary insight is supported by further evidence shown in Fig. 2(e and f). Here the mirror-symmetric void lo-
cations are varied across the longer, free-edge dimension of the panel in Fig. 2(e), or across the shorter fixed-edge dimension
of the panel Fig. 2(f). It is seen that there is a clear dependence of the first eigenfrequency via voids with positions varied
across the longest, free-edge dimension of the panel, Fig. 2(e), and a relative independence of void position on changing the
first eigenfrequency when the void locations are varied across the shortest, fixed-edge dimension of the panel, Fig. 2(f).

Such aspects regarding the void-location dependent nature of eigenfrequency change is examined in Fig. 3 for the first,
second, and third eigenfrequencies in parts (a), (b), and (c), respectively. For voids of radius 1.06 cm varied incrementally
across the longest, free-edge dimension of the panel, as schematically shown in each inset image of Fig. 3, the percent change
in each eigenfrequency is plotted over a front view of the panel stress distribution for that eigenfrequency according to the
color bar shown in Fig. 3(c). As shown consistently throughout the results of Fig. 3, positive eigenfrequency change corre-
sponds to void placement near areas of highest modal displacement amplitude (blue ellipse) while void placement near areas
of high modal stress (red square) results in negative eigenfrequency change.



Fig. 3. Finite element model investigation results of the influence of void location on the (a) first, (b) second, and (c) third eigenfrequencies of the structural panel
FE model plotted over front view of the modal stress distribution. The percent change in eigenfrequency is calculated as a difference between the eigen-
frequencies of the panel with filled and empty voids.
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The finite element model investigations show that although void shape does not play a significant role in changing the
eigenfrequencies of the panel, void location determines the sign of eigenfrequency change while void size and number
amplify the eigenfrequency variation, likely due to the amount of material removal. These findings suggest that structural
panels may be designed such that material transitions between voids placed in locations of high modal stress and highmodal
displacement can occur for a targeted low order mode to be tuned. Specifically, voids at locations of largemodal displacement
are seen to result in an increase in the eigenfrequency while voids at locations of large modal stress cause a reduction in
eigenfrequency. By using such combination of voids andmaterial transition between them, eigenfrequency variation between
maximum and minimum values is induced. For example as schematically shown in Fig. 4(a), a panel designed to adapt the
first eigenfrequency may have a set of voids placed on and/or near the antinode of the first eigenmode and another set of
voids near to the fixed edge where stress for the first mode is maximized. Under the assumptions of the FE model for a
material transition between such void sets, with radius 1.69 cm, notable changes in eigenfrequency that leverage strategic
void location may be realized. As shown in Fig. 4(b), eigenfrequency changes of 10.0, 5.0, and 7.4% are ideally possible for the
first, second, and third eigenfrequencies, respectively, with respect to the eigenfrequencies of the unvoided panel using this
approach.
3. Experimental validation

This section describes experimental efforts undertaken to validate the finite element model and explore opportunities for
material transitions through internal voids to tailor the structural dynamics of panels. Following a description of fabrication
methods for specimens considered, measurements taken with free-free and fixed-free panels are reported and discussed.
3.1. Specimen fabrication

The panel specimens are fabricated by bonding two pieces of acrylic together. Each panel piece represents half of a
specimen, and, as appropriate, each panel half includes voids engraved at one-half of the depth required to achieve the total
void thickness once the panel halves are bonded together. Transparent acrylic sheets (McMaster-Carr, 8560K171) are used.
This material is chosen based on the capabilities of the laser cutter (Full Spectrum LASER H-Series 20x12 Desktop CO2 Laser)
to cut specimens out of acrylic stock and to engrave voids, as schematically shown in Fig. 5(a and b). For all specimens, solvent
bonding (TAPAcrylic) is utilized to securely and completely bond the specimen halves together, Fig. 5(c and d). The specimens
are 13.7 by 8.5 cm2 in span, and 3.2 mm in thickness. Due to clamping boundary conditions required for the fixed-free panel
evaluations, the side fixed with the clamps must extend beyond the clampmounting point, which necessitates the additional
length on the 13.7 cm side. Thus, for the fixed-free panel experiments, the resulting panel extending beyond the clamps has
dimensions of 12.7 by 8.5 cm2 in span and 3.2mm in thickness, in agreement with the FEmodel composition for the fixed-free
panel. Experiments conducted with the panel in a free-free boundary condition have panel dimensions 13.7 by 8.5 cm2 in
span and 3.2 mm in thickness. As shown in Fig. 5(e)-(h), the specimens fabricated include panels with (e) no voids, (f) voids
placed on a shared displacement node of the first, second, and third modes, (g) voids placed on the anti-node of the third
mode displacement, and (h) voids placed on the shared anti-node of the first and second mode displacement. For clarity, the
specimen without voids, shown in Fig. 5(e), is also fabricated by solvent bonding two sheets together in the method used for
the specimens with voids. In this way, all specimens evaluated include the similar bonding-related influences upon the
mechanical properties and structural dynamics.



Fig. 4. Shown on (a) the stress distribution of the first mode, voids placed in areas of both high modal stress and highest amplitude modal displacement can be
used together such that a material transition between such voids could occur. This material transition would constitute a percent eigenfrequency change between
maximum positive and negative percent eigenfrequency changes with respect to the original eigenfrequencies, with total changes shown in (b).

Fig. 5. Fabricating the specimens constitutes (a) cutting the specimens out of acrylic stock with a laser cutter, (b) engraving half of each void (if present) into a
single piece of acrylic with a laser cutter, (c) bonding the two pieces of acrylic together with acrylic cement to constitute (d) the final specimen. The fabricated
specimens are shown in (e), (f), (g), and (h).
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3.2. Impact hammer experiments

Impact hammer experiments are performed on free-free panel specimens as a first step to validate the FE model. Com-
parisons between experimental and FE model mode shapes for the unvoided specimen and eigenfrequencies for all speci-
mens are used for this validation. Using the FE model infrastructure of this research, it is computed that free-free panels have
first, second, and third eigenfrequencies of 285, 324, and 689 Hz, respectively.

In the experiments, specimens are suspended by fishing line as seen in Fig. 6(a). Then, a modal impact hammer (PCB
086C02) strikes the specimens at nine different locations, while acceleration is measured with a mini-accelerometer (PCB
U352B22) at one location. These signals are then processed (LMS SCADAS Mobile SCM01) to extract the mode shapes and
corresponding eigenfrequencies. The measured mode shapes of each panel specimen are correlated to the mode shapes
predicted by the FE model to serve as preliminary model validation. The mode shapes of the first three eigenfrequencies are
shown in Fig. 6(beg) for the specimenwithout voids by displacement according to the color bar in Fig. 6(c). Clear agreement is
observed comparing FE model predictions and experimental results for the panel mode shapes. Similar agreement is seen
between the mode shapes measured and predicted for specimens with voids, which are not presented here for brevity sake
because the voids do not greatly change the modal deformations for these lowest order eigenmodes.

On the other hand, voids do tailor the eigenfrequencies of the lowest order modes from the case of the unvoided panel.
Looking closely at the eigenfrequency characteristics of all of the panel specimens evaluated with free-free boundary con-
ditions, Fig. 7 displays a comparison between the predicted and measured eigenfrequencies for (a) the unvoided specimen,
and for the specimens with voids placed on (b) a node of the first, second, and third mode, (c) the antinodes of the third mode,
and (d) the antinodes of the first and second mode. The FE model predictions are closer to experimental data in Fig. 7(a) for
the unvoided specimen more so than compared to Fig. 7(b), (c), and (d) for the voided specimens. Yet, in all cases, the
measurements of eigenfrequency are equal to or slightly less than those values determined from themodel. This suggests that



Fig. 6. (a) The experimental setup with free-free panel specimens suspended by fishing line, hit in nine different locations indicated by cyan stars, with ac-
celeration measured by an accelerometer placed on the specimen. LMS software is then used to correlate experimental mode shapes for the (b) first, (d) second,
and (f) third mode shapes with the (c) first, (e) second, and (g) third mode shapes predicted by the finite element model for the unvoided specimen. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. FE model predictions (yellow bars) and experimental results (blue bars) for the eigenfrequencies of (a) the unvoided specimen, (b) the specimen with
voids placed on a node of the first, second, and third mode, (c) the specimen with voids placed on the third mode antinodes, and (d) the specimen with voids
placed on the first and second mode antinodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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a softening mechanism in the solvent bonding process uniformly influences the eigenfrequencies of the experimental
specimens. Despite such uniform reduction in the eigenfrequency changes observed experimentally than those predicted by
the model, the overall agreement between modeled and experimental results serves as validation to the premise of void
inclusions to tailor the dynamic properties of the panels.
3.3. Random excitation shaker experiments

Random excitation experiments are performed on fixed-free panel specimens to characterize the frequency response
adaptation via material redistributions within the panel specimens.



Fig. 8. (a) Random excitation experiment schematic, (b) comparison between experimental results (blue bars) with FE model predictions of the eigenfrequencies
of the unvoided specimen for pinned-free (red bars) and fixed-free (yellow bars) boundary conditions, and (c) the frequency response transfer function for each of
the panel specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A schematic of the experimental setup is shown in Fig. 8(a). A vibration controller (Vibration Research VR9500) provides a
white noise signal to a power amplifier (LabWorks PA-141) that drives the electrodynamic shaker (LabWorks LT-140-110) to
which specimens are fixed. An accelerometer (PCB 352C33) is placed on the shaker for control purposes, while three ac-
celerometers (PCB 352A24) are placed on the panel specimens to measure the output panel acceleration. Accelerometer
placements on the panels are selected to best measure the lowest order modes according to the modal displacement
amplitude anticipated from the FE model studies. For the random excitation experiments, the panel specimens undergo base
acceleration excitationwith white noise filtered from 50 to 2000 Hz. Data is acquired at a sampling frequency of 16384 Hz for
an individual experiment time of 1 min. The frequency response transfer function is then computed respecting the output
global acceleration to the input base acceleration.

The eigenfrequencies measured for the fixed-free panels and the FE model predictions are compared in Fig. 8(b). Because
of additional compliance introduced in the experimental realization of fixed boundary edges on the softer acrylic panel
material, it is observed that the boundary conditions are more accurately reproduced in the FE model via pinned edges on the
side that are ideally “fixed”. Thus, the FE model for pinned-free boundaries is more comparable to the fixed-free conditions
realized in the laboratory. Indeed, as seen in Fig. 8(b), the eigenfrequencies of the pinned-free unvoided specimen (red bars)
show stronger resemblance to the experimental data (blue bars) than the fixed-free specimen (yellow bars) for the first and
third eigenfrequencies. In contrast, the second eigenfrequency in the FE model shows greater deviation from experimental
data for the pinned-free specimen compared to the fixed-free specimen. This is believed to be due to twisting motion of the
second mode, as seen in Fig. 3(b), which may more substantially resist the clamping setup. Because results of the impact
hammer evaluations using free-free specimens agree well with FE model predictions, it is apparent that the experimental
realization of the fixed-edge boundary conditions for the acrylic specimens is challenging. On the other hand, the variation in
frequency response shown in Fig. 8(c) exemplifies that the natural frequencies may be appreciably altered by introducing the
voids in the panels. In the case of the void placement on the first and second mode antinodes (red dashed curve), the second
mode natural frequency is seen to shift by almost 18% when compared to the panel specimen without voids (black dotted
curve).

To explore the opportunity for controlling these dynamic properties via real-time material redistribution, the motivating
spirit of this research is harnessed via on-demand fluid flow into and out of the panels with fixed-free boundaries while the
shaker provides a random excitation. During this time, the voids are filled using syringes connected to tubes that access the
voids. Each void is connected to two tubes, one for the injection of blue colored water and one for air relief. The slow fluid
injection is stopped when water begins to escape through the air relief tube. The filling procedure is undertaken slowly
enough such that about 90 s elapse from the time of no fluid fill to the time of full fluid fill, which is a filling rate slightly
greater than 1% void volume per second. This slow fluid fill procedure ensures that near-steady-state conditions are achieved



Fig. 9. Random excitation experiment results shown for the voided specimens with (a) empty and (b) filled voids placed on the antinodes of vibration of the third
eigenfrequency with (c) the frequency response shift shown as a result of a filled to empty void transition. Additionally, depicted here are (d) empty and (e) filled
voids placed on a node of vibration of the first, second, and third eigenfrequency with (f) the frequency response shift shown as a result of a filled to empty void
transition. Shifts in frequency response are plotted according to the FE model simulations in which the panel undergoes a material transition from filled (dotted
black line) to empty (solid red line) voids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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over several seconds of time duration in order to compute the broadband frequency response. In order to replicate the filled to
empty material transition used in the FE model, the frequency response transfer function is shown for two of the voided
specimens as a difference between filled and empty voids, as seen in Fig. 9(c,f).

Fig. 9(c) shows that, for the specimen with voids placed on the antinodes of vibration of the third mode, the third
eigenfrequency at 640 Hz shifts by 18 Hz, or 2.74% of its original value, with a þ1.02 dB change in its amplitude response.
Considering the FE model results, this experimental trend is in agreement with the predicted decrease in third eigenfre-
quency by material removal from the antinodes of vibration for the third mode. Measurements presented in Fig. 9(f) show
that for the specimen with voids placed on the nodes of vibration of the first, second, and third eigenfrequencies, the
eigenfrequencies shift by �1 Hz, 0 Hz, and þ10 Hz with corresponding �0.58 dB, �0.05 dB, and þ1.16 dB changes in
amplitude, respectively. Excepting the lack of change for the second eigenfrequency, these decreases in eigenfrequency are
likewise in agreement with the FE model results. On the other hand, the significance of the measured eigenfrequency shifts
are not as great as those predicted in the FE simulations. This may be explained by the attachment of the fluid-flow tubes in
the axis of panel out-of-plane deflection that may substantially modify the structural dynamics by contributing undesired
stiffness and mass to impede the free out-of-plane deformation. These influences may counteract the influences of the fluid
fill via microvascular channels towards tailoring the overall structural dynamics at the mid-plane, and encourage an
implementation of mid-plane level microvascular channels as ideally envisioned in Fig. 1. The coupling of the fluid-flow tubes
used in experiments here may consequently exert similar influences observed for cables that interact with the dynamics of
structures to which the cables are attached [39,40]. Nevertheless, the trends of the experimental results of on-demand fluid
delivery are supported by the FE model findings to exemplify the concept of leveraging internal fluid-based material re-
distributions to adapt the dynamic properties of structural panels for vibration control practices.
4. Conclusions

In this research, passive adaptation of structural panel dynamic properties is examined via the transmission of material in
and out of voids at the mid-plane of the panel. From computational and experimental studies, it is found that, with respect to
an unvoided panel, material voids in areas of higher modal displacement lead to an increase in eigenfrequency while material
voids positioned in areas of higher stress correspond to a decrease in eigenfrequency. These effects are magnified using larger
void sizes and a greater number of identical voids, to the extent and number considered here. The FE model suggests that by
transferring material between strategically placed voids, an eigenfrequency change between positive and negative values,
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with respect to those of the panel without voids, may be as great as 10.0, 5.0, and 7.4% for the first, second, and third modes,
respectively. Experiments are undertaken to provide model validations and for exploratory purposes including to probe how
fluid flow into and out of the panel influences the dynamic response in real time. The experiments also illuminate practical
challenges and opportunities for material redistribution that passively adapts the dynamic properties of panels, for instance
the possibility of using denser fluids, such as liquid metals [33], that may more substantially tailor the vibration character-
istics of the structures. Additionally, in a manner similar to how free sliding masses may be redistributed via resonant
phenomena to tune structural dynamics [20,21], future investigations may study the ability of fluid to redistribute itself
throughout the embedded voids in panel systems to similarly tune the panel dynamics. These efforts identify strategies for
future FE model improvements and exemplify the opportunities for leveraging microvascular channels within structural
panels to tune dynamic properties using internal and non-obtrusive elements for vibration control.
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