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Snapping of a Shallow Arch With
Harmonic Excitation at One End
In this paper we demonstrate both numerically and experimentally that it is possible to
make a pinned-pinned shallow arch snap to and remain vibrating on the other side by
harmonic excitation in the longitudinal direction at the end. One end of the arch is fixed
in space, while the other end is attached to a mechanical shaker via a spring. The
shaker-mount is first moved a small distance toward the arch to ensure that the arch
assembly possesses two stable equilibrium positions, one on each side of the base line.
The spring connecting the arch end and the mechanical shaker is carefully chosen such
that a small shaker stroke can induce a large vibration amplitude in the arch. The natural
frequencies of the two (initial and snapped, respectively) positions are measured first. By
adjusting the excitation frequency of the mechanical shaker to the first natural frequency
of either position of the arch, we demonstrate that the arch can be snapped to and remain
vibrating on the other side when the magnitude of the electric current flowing through the
shaker is properly chosen. The vibrant snapping action of the arch recorded in the
experiment is confirmed by numerical simulation. �DOI: 10.1115/1.2748479�
ntroduction
Historically, the interest in shallow arch research is primarily on

he snap-through buckling when the arch is under lateral loading.
he first theoretical prediction on the static critical load was con-
ucted by Timoshenko in 1935 �1�, in which a pinned sinusoidal
rch was subject to a uniformly distributed load. Timoshenko’s
ioneering work was followed and extended by many other re-
earchers on various topics, including the snap-through phenom-
non under dynamic load. The first theoretical prediction of dy-
amic buckling load was conducted by Hoff and Bruce in 1954
2�, in which they studied the stability of a sinusoidal arch under
nit step loading and ideal impulsive loading. A good introduction
n the subject can be found in Simitses’ book �3�. More new
ublications on the dynamic snap-through buckling of shallow
rches can be found in a recent paper by the first author �4�.

Besides the quasi-static, impulsive, and step loadings discussed
bove, the dynamic response of a shallow arch under periodic
xcitation has also been studied by some researchers. Previous
esearch in this regard may be roughly divided into two groups.
he first group focuses on smaller excitation and vibration ampli-

ude with emphasis on the nonlinear response such as superhar-
onic, subharmonic, and internal resonances. Thomsen �5� stud-

ed the chaotic vibration of a circular high arch loaded by a
armonic force at its crown, a problem initiated by Bolotin in his
ook �6�. Tien et al. �7,8� and Bi and Dai �9� used a two-term
pproximation to study the internal resonance of a shallow arch
nder lateral loading with both averaging method and direct inte-
ration method. With the same two-term approximation, Malhotra
nd Sri Namachchivaya �10,11� also investigated the possibility of
haotic response when the shallow arch is under 1:1 and 1:2 reso-
ances. Chen and Yang �12� studied, both experimentally and
heoretically, the nonlinear response of a shallow arch under har-

onic excitation at one end.
The second group considers the case when the vibration ampli-

ude is so large that dynamic snap-through occurs. The critical
oad amplitude and frequency of an arch under harmonic excita-
ion is harder to predict compared to the problem of step or im-
ulsive loading. Huang �13� used a cycle-averaging approach to
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predict the critical load when the excitation frequency is very
high. Plaut and Hsieh �14� used a one-term approximation to nu-
merically study the critical load when the arch is subject to a
two-frequency excitation. Blair et al. �15� simplified the arch with
a two-rigid-link model and used the harmonic balance method to
study its dynamic response when the linkage is under harmonic
excitation.

From the above literature review, we notice that while some
theoretical investigations on the dynamic response of a periodi-
cally excited shallow arch exist, experimental investigation is
relatively rare. More precisely, no experimental work can be
found in the literature when the periodic force is applied in the
lateral direction. Part of the reason is due to the difficulty in
implementing a pulsating load with constant amplitude in the
laboratory, especially when the vibration amplitude becomes large
during snapping. In the case when the periodic external load is in
the longitudinal direction, on the other hand, it becomes relatively
easier to realize, as reported by Chen and Yang �12�. However,
Chen and Yang’s experimental setup allows nonlinear vibration of
the shallow arch only in the neighborhood of the initial unstressed
position. They were unable to snap the arch to the other side with
the shaker directly attached to the end. This is because when the
arch snaps to the other side, the end movement of the arch will
exceed the stroke limit of the attached shaker.

In this paper, we propose an experimental setup that permits us
to make the arch snap and remain vibrating on the other side with
an electro-mechanical shaker attached to one end. The experimen-
tal setup consists of an additional spring between the shaker and
the arch end. The shaker-mount is first moved a small distance
toward the arch to ensure that the arch assembly possesses two
stable equilibrium positions before harmonic excitation. The pa-
rameter of the additional spring is chosen such that small shaker
stroke can induce large vibration amplitude of the arch. By doing
so we demonstrate that the attached shaker can snap the arch to
either side at will, by adjusting the excitation frequency and am-
plitude. Experimental observation is verified by theoretical predic-
tion.

Experimental Setup
Figure 1 is a schematic diagram of the experimental setup. The

arch is made of a brass strip with Young’s modulus 101 GPa and
3
mass density 8840 kg/m . The length L of the arch is 44 cm and
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Downloa
he cross section is 20 mm�1.0 mm. The brass strip is carefully
ent into a half-sinusoidal shape with the initial height h at the
iddle point, or mathematically,

y0 = h sin
�x

L
�1�

n the experiment, h is equal to 14 mm. Both ends of the curved
eam are attached to roller bearings to simulate a pinned condi-
ion. One end of the arch is fixed in space, while the other end is
ttached to a slider and is allowed to slide on a guiding rod. The
lider mass is denoted by m, and is weighed to be 0.9 kg. The
lider is attached in series to a spring k, which is then attached to
he central core of the mechanical shaker.

The mechanical shaker can be modeled as a mass-spring system
ith parameters ms and ks. The parameters ms and ks of the shaker

an be determined experimentally to be ms=0.158 kg and ks
12.8 kN/m �16�. The magnetic force on the central core of the

haker is controlled by the electric current flowing into the shaker.
power amplifier connected to the shaker is responsible for

umping electric current proportional to the harmonic voltage sig-
al from a function generator. With this arrangement, the mag-
etic force on the central core of the shaker can be estimated. The
ateral speeds at the middle point of the arch and the longitudinal

otions of the end slider and shaker can be measured by a laser
oppler vibrometer �LDV� system. The speed signals from the
DV system can be integrated to obtain the displacement history.
The main difference between the current experimental setup

nd the one presented in �12� is the additional spring k. It is noted
hat the selected shaker has a stroke limit about 0.5 mm when it is
ttached to the arch directly. However, when the curved beam is
ulled from the initial curved shape to the straight position, the
nd moves about 1 mm. Therefore, with the original design in
12� it is difficult to snap the arch to the other side. The reason the
haker has a small stroke limit when the shaker is attached to the
lider directly is because the mechanical impedance of the arch-
lider system in the original design is high as seen from the
haker. Therefore, the shaker needs large force in order to move
he arch slider. As a consequence, more current needs to be
umped into the shaker. There is a protective circuit in the power
mplifier which limits the amount of current allowed to flow into
he amplifier. This protective circuit limits the shaker stroke of the
riginal design. By adding an additional soft spring between the
rch slider and the shaker as in the current design, the mechanical
mpedance as seen from the shaker can be effectively reduced. In

later section we will explain how to determine the additional
arameter k such that small mechanical shaker movement can
nduce large amplitude vibration in the arch.

One question may naturally arise at this point; i.e., Why not
imply find a more powerful shaker which has a longer stroke?

ith a more powerful shaker, it is indeed easier to snap the arch
o the other side. However, the arch will snap back immediately
nd continue snapping back and forth between the two positions.
s a consequence, it is almost impossible to control the arch

ig. 1 Schematic diagram of a shallow arch with one end at-
ached to a mechanical shaker. The shaker-mount is moved
oward the arch a distance a to induce initial compression in
he arch.
etween the two positions as desired.
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Equations of Motion
Consider the theoretical model shown in Fig. 1. The mass ms of

the central core of the shaker is subject to a harmonic excitation
force f cos �t, where f and � are the amplitude and the frequency
of the external force. The initial �unstressed� and deformed shapes
of the arch are y0 and y, respectively, both measured from the
same base line. The equation of motion of the arch can be written
as

�Ay,tt = − EI�y − y0�,xxxx + py,xx �2�

The parameters E, �, A, and I are Young’s modulus, mass density,
area, and area moment of inertia of the cross section of the arch,
respectively. p is the axial force in the deformed arch. The mount
of the shaker is moved from the initial position a small distance a
toward the arch to induce certain initial compression in the assem-
bly. The purpose of this initial shaker-mount movement a is to
ensure the existence of two stable positions of the assembly. If
there exists only one stable equilibrium position, then there is no
point trying to snap the arch to the other side. The force balances
of the end slider m and the central core ms of the shaker give two
additional equations:

msës = k�e − es� − ks�es + a� + f cos �t �3�

më = − k�e − es� − p �4�

e and es are the motion of the end slider and the central core of the
shaker, respectively; both are measured from the initial unstressed
configuration before shaker movement a. The relation between e
and the shape change of the arch can be established from the
elastic extensibility of the arch

p =
EA

L �e +
1

2�
0

L

��y,x�2 − �y0,x�2�dx� �5�

Equations �2�–�5� can be nondimensionalized by introducing
the following dimensionless parameters �with asterisks�:

�y*,y0
*,h*� = 1

r �y,y0,h�, x* =
�x

L
, t* =

�2t

L2 �EI

A�
,

��*,�*� =
L2

�2�A�

EI
��,��, �p*, f*� =

L2

�2EI
�p, f� ,

�6�

�es
*,e*,a*� =

L

�2r2 �es,e,a�, �ms
*,m*� =

I�4

L3A2�
�ms,m� ,

�ks
*,k*� =

L

EA
�ks,k�, �* =

L2�

�2�Ar
��

E

The parameters � and � are the damping and natural frequency,
respectively, of the arch-shaker system, which will be discussed
later. r is the radius of gyration of the cross section of the arch.
After substituting the above relations into Eqs. �2�–�5�, and drop-
ping all the superposed asterisks thereafter for simplicity, we ob-
tain the three dimensionless equations of motion:

y,tt = − �y − y0�,xxxx +�e +
1

2�
�

0

�

��y,x�2 − �y0,x�2��y,xx �7�

msës = − �ks + k�es + ke − ksa + f cos �t �8�

më = −
1

2�
�

0

�

��y,x�2 − �y0,x�2�dx − �1 + k�e + kes �9�
The boundary conditions for y at x�0 and � are
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y�0� − y0�0� = y,xx�0� − y0,xx�0�

= y��� − y0��� = y,xx��� − y0,xx��� = 0 �10�
t is noted that in establishing the boundary conditions for the
ateral displacement y�x�, we ignore the small longitudinal posi-
ion change of the right-hand end.

The dimensionless version of Eq. �1�, i.e., the initial shape of
he arch before the introduction of the initial compression, can be
ritten as:

y0 = h sin x �11�
t is assumed that the shape of the loaded arch can be expanded as

y�t� = y0 + 	
n=1

�

	n�t�sin nx �12�

fter substituting Eqs. �11� and �12� into �7�–�9�, multiplying Eq.
7� by sin nx and integrating from x=0 to � �Galerkin’s proce-
ure�, we obtain the equations governing 	n, e, and es as

	̈1 = − 	1 − �h + 	1�
e +
1

4�	1
2 + 2h	1 + 	

j=2

�

j2	 j
2� �13�

	̈n = − n4	n − n2	n
e +
1

4�	1
2 + 2h	1 + 	

j=2

�

j2	 j
2� n = 2,3, . . .

�14�

msës = − �ks + k�es + ke − ksa + f cos �t �15�

më = kes − �1 + k�e −
1

4�	1
2 + 2h	1 + 	

j=2

�

j2	 j
2� �16�

he equilibrium positions after the shaker-mount movement a can
e determined from the nonlinear equations �13�–�16� by neglect-
ng the terms on the left-hand sides. The coordinates correspond-
ng to these equilibrium positions are denoted by 	n

�s�, e�s�, and

s
�s�.

election of Spring Constant k and Shaker-Mount
ovement a
Two objectives are borne in mind when we determine the

pring constant k and the initial shaker-mount movement a. First
f all, we have to ensure the existence of two stable equilibrium
ositions, one on each side of the base line. In general, this con-
ition can be met by increasing the movement a. Second, we hope
hat small mechanical shaker oscillation es can induce large slider
ibration e when the shaker excites the arch at the first natural
requency of the assembly. This condition may be met by requir-
ng that in the mode shape corresponding to the first natural fre-
uency of the assembly, the component es must be as small as
ossible compared to e.

The equilibrium positions of the arch-shaker assembly in Fig. 1
fter a specified shaker movement a can be determined from Eqs.
13�–�16� by neglecting all the acceleration terms. It can be shown
hat there is either only one stable equilibrium position, or some-
imes there can be two stable equilibrium positions. All the stable
quilibrium positions involve only 	1 sin x in expansion �12�,
hich are called one-mode solutions. The first stable position,
enoted as P0 �17�, is the one near the initial unstressed position
0, which always exists and is always stable. This position can be
chieved by moving the shaker-mount the distance a quasi-
tatically. The other possible stable one-mode solution is on the
ther side of the base line, denoted as P1

− �17�, which exists only
nder certain conditions. All equilibrium positions involving more
han one mode are unstable. The stability of these equilibrium

ositions can be determined by using the energy method as de-

16 / Vol. 129, AUGUST 2007
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scribed in the second author’s thesis �16� and another paper pub-
lished by the first author �17�. Based on the theory presented in
�16,17�, we can determine the boundary of the parameter range in
the k-a plane in Fig. 2 that guarantees the existence of two stable
positions when the initial height h=14 mm and shaker spring ks
=12.8 kN/m as in our experimental setup. For convenient refer-
ence, both the physical parameters �left and bottom� and the di-
mensionless ones �right and top� are used in the same figure. From
this figure, we choose the initial shaker-mount movement as
7 mm. With this initial mount movement, the spring constant k
has to be greater than 2.98 kN/m.

To calculate the natural frequencies and the corresponding
mode shapes of the assembly after the shaker movement a, we
first linearize the nonlinear equations �13�–�16� in the vicinity of
one of the two stable equilibrium positions 	n

�s�, e�s�, and es
�s� by

assuming

	n = 	n
�s� + 	̃n n = 1,2,3, . . . �17�

e = e�s� + ẽ �18�

es = es
�s� + ẽs �19�

	̃n, ẽ, and ẽs are small perturbations superposed on the equilib-
rium positions. After substituting Eqs. �17�–�19� into Eqs.
�13�–�16�, linearizing with respect to 	̃n, ẽ, and ẽs, we obtain the
linearized equations of motion as

	̈̃1 = − 	̃1 − 	̃1�e�s� + ẽ +
1

4��	1
�s��2 + 2	1

�s�	̃1 + 2h�	1
�s� + 	̃1�

+ 	
j=2

�

j2��	1
�s��2 + 2	 j

�s�	̃ j��� − �h + 	1
�s��� ẽ +

1

4
2	1
�s�	̃1

+ 2h	̃1 + 2	
�

j2	 j
�s�	̃ j� �20�

Fig. 2 The boundary separating the domains of two stable
equilibrium positions and one stable equilibrium position in the
k-a plane. Point A represents the design parameters we choose
in our experimental setup.
j=2
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	̈̃n = − n4	̃n − n2	̃1�e�s� + ẽ +
1

4��	1
�s��2 + 2	1

�s�	̃1 + 2h�	1
�s� + 	̃1�

+ 	
j=2

�

j2��	 j
�s��2 + 2	 j

�s�	̃ j��� − n2	n
�s�� ẽ +

1

4
2	1
�s�	̃1 + 2h	̃1

+ 2	
j=2

�

j2	 j
�s�	̃ j� n = 2,3, . . . �21�

msë̃s = − �ks + k�ẽs + kẽ �22�

më̃ = kẽs − �1 + k�ẽ −
1

2
	1
�s�	̃1 + h	̃1 + 	

j=2

�

j2	 j
�s�	̃ j �23�

or simplicity, at this stage we use only one term in the expansion
12�. With the three linearized equations in terms of 	̃1, ẽ, and ẽs,
e can calculate the first natural frequency and the associated
ode shape in the neighborhood of position P0 or P1

−. We first
hoose a=7 mm and focus our attention on the mode shape near

0, then the relation between the ratio ẽs / ẽ and k can be plotted as
n Fig. 3. As shown in Fig. 3, smaller stiffness k can produce
maller ratio ẽs / ẽ. The vertical dashed line in Fig. 3 represents the
ower bound of k, below which the arch possesses only one equi-
ibrium position. We next focus our attention on the mode shape
ear P1

−. The same analysis gives us another curve which is indis-
inguishable from the curve plotted above for position P0. In other
ords, the spring chosen for the minimum ẽs / ẽ ratio near the
osition P0 will also do the same near P1

−. From these analyses,
e expect that the vibration amplitude of the shaker can be only

bout one-third of the arch slider vibration when the arch is ex-
ited near positions P0 and P1

− at the respective first natural fre-
uency. In other words, a small shaker vibration can now induce a
arge arch vibration. Whether this design indeed serves our pur-
ose will be examined in the experiment later.

We select a spring with constant k=6.13 kN/m for our experi-
ent. The design parameters a and k are indicated by point “A” in
igs. 2 and 3. The photograph of our final experimental setup is
hown in Fig. 4. Figure 4�a� shows the initial setup before the
haker-mount movement. In Fig. 4�b�, the shaker-mount has been

ig. 3 The relation between spring constant k and the ratio
˜ s / ẽ. Only the spring constant k on the right-hand side of the
ertical dashed line can guarantee the existence of two stable
quilibrium positions. Point A represents the design param-
ters we choose in our experimental setup.
oved toward the arch ends a distance a. The arch is apparently

ournal of Vibration and Acoustics
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bent more compared to the initial shape in Fig. 4�a�. Figure 4�c�
demonstrates that the snapped position P1

− indeed exists.

Natural Frequencies and Damping Ratio of the
Assembly

One way to check whether the theoretical model of the assem-
bly is correct is to compare the theoretical natural frequencies
calculated from Eqs. �20�–�23� with those observed experimen-
tally. In the calculation of the natural frequencies, we use three
modes in the expansion �12�. In the experiment, we measure the
frequency response function of the assembly with the force on the
central core of the shaker as the input and the lateral velocity at
the middle point of the arch as the output. Figures 5�a� and 5�b�
show the measured frequency response function of the assembly
in the initial prestressed �P0� �Fig. 5�a�� and the snapped �P1

−�
�Fig. 5�b�� positions, respectively. The peaks in Fig. 5 are the
measured resonance �or natural� frequencies. The first three theo-
retical and experimental natural frequencies are listed in Tables 1
and 2 for the two positions. It is observed that the natural frequen-
cies in the snapped position are in general lower than those in the
initial prestressed position. This is due to the fact that the arch is
compressed more in the snapped position. The agreements be-
tween the theory and experiment in the first natural frequency,
both in P0 and P1

−, are very good. The discrepancies in the other

Fig. 4 Photograph of the experimental setup. „a… The initial
unstressed position before the shaker-mount movement. „b…
The P0 position after the shaker-mount movement. The arch is
bent more compared to „a…. „c… The snapped position P1

− indeed
exists.

Fig. 5 Measured frequency response functions of the assem-
bly in „a… the initial prestressed position and „b… the snapped

position

AUGUST 2007, Vol. 129 / 517

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



m
c
e

s
n
i
r
i
a
a
o
e
r
t
s
T
a

S

e
a
=
s
a
f
a

T
p

�
�
D

T
p

�
�
D

F
c
a

5

Downloa
odes are in general less than 10%. These observations give us
onfidence that the mechanical model described in Fig. 1 and the
stimated physical parameters may not be too far from the truth.

In the numerical simulation of the forced response of the as-
embly under the excitation of the mechanical shaker, we also
eed to know the damping parameters of the assembly. The damp-
ng effect comes mostly from the friction in all the joint pairs with
elative motion. For simplicity we assume that the system damp-
ng can be modeled as viscous type and its effects for all modes
re identical. In other words, for the damped system, Eqs. �13�
nd �14� are modified by adding a term �	̇n to the left-hand sides
f the equations. To determine the damping ratio, we move the
nd slider �with the shaker attached� a small distance by hand and
elease it. The lateral displacement history at the middle point of
he arch is then recorded. From the decaying rate between con-
ecutive peaks, we can estimate the damping ratio as 5.2% �18�.
he physical and dimensionless damping parameters of the arch
re calculated as �=2.64 kg/s and �*=0.3, respectively.

napping of the Arch Under Harmonic End Excitation
With the experimental setup described above, we are ready to

xcite the arch. After moving the shaker-mount 7 mm toward the
rch ends, the middle point of the arch moves a distance y−y0
21 mm �y*−y0

*=72.6� upward. The solid curve in Fig. 6 repre-
ents the lateral displacement history at the middle point of the
rch when the shaker excites the assembly at the first natural
requency 9.8 Hz. The magnetic force is estimated as 23 N. The
rch starts with zero initial velocity. After four oscillations with

able 1 The first three natural frequencies „theoretical and ex-
erimental… of the assembly in the initial prestressed position

n 1 2 3

n �Hz� �theory� 9.8 29.2 55.5

n �Hz� �experiment� 9.8 26.5 57.9
iscrepancy �%� 0.0 9.2 4.3

able 2 The first three natural frequencies „theoretical and ex-
erimental… of the assembly in the snapped position

n 1 2 3

n �Hz� �theory� 8.7 25.2 55.5

n �Hz� �experiment� 8.9 23.6 51.0
iscrepancy �%� 2.3 6.3 8.1

ig. 6 Experimental „solid curve… and theoretical „dashed
urve… lateral displacement history at the middle point of the

rch. The arch starts at the initial prestressed position.

18 / Vol. 129, AUGUST 2007
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increasing amplitude, the arch snaps to the other side at time t
=0.47 s. After snapping, the arch settles to a vibration pattern
superposed onto the static displacement of the snapped position. It
is noted that with this excitation frequency and magnetic force,
the arch will not snap back to the original position. The magnitude
of the magnetic force, which is controlled by the electric current
pumping through the shaker, is critical in this experiment. If the
force is too small, the arch will not snap. On the other hand, if the
force is too large, the arch will not remain vibrating near the
snapped position. Instead it will continue to snap back and forth
between the two positions. With the current experimental setup,
our experience shows that there is a small range of magnetic
force, approximately between 21.8 N and 24.6 N, in which the
arch can snap to and remain vibrating on the other side.

The dashed curve in Fig. 6 represents the numerical simulation
of the action described in the experiment. One obvious discrep-
ancy between the experiment and the theory is the time of snap-
ping. In the numerical simulation, the arch oscillates three times
before it snaps, which is compared to four oscillations in the ex-
periment. As a consequence, in the numerical simulation the arch
snaps earlier at t=0.33 s. This may be due to the inaccuracy in
estimating the system damping. It appears that we underestimate
the damping effect in the numerical simulation when the assembly
starts from rest. It is recalled that we estimate the system damping
by assuming it be of viscous type. In addition, the displacement
amplitudes used in the logarithmic decrement technique are taken
when the assembly has experienced two or three oscillations. In
reality, the damping effect is due mostly to friction force in the
joints. Therefore, it is possible that the damping force is larger
when the assembly starts from rest than when the assembly has
started moving for a while. This can be seen from the agreement
of vibration amplitudes between experiment and theory, especially
after the snapping action.

In Fig. 7, we ignore the discrepancy in the early stage of the
transient response and focus our attention on the snapping action
by shifting the dashed curve to the right 0.13 s such that the
instants of the last peaks before snapping are aligned. We can see
fairly good agreement between the theory and the experiment in
the time span immediately before and after snapping.

Beside the lateral displacement at the middle point of the arch,
we also record the longitudinal displacement history of the end
slider m �solid curves� and the shaker central core ms �dashed
curves� when snapping occurs in Fig. 8. It is noted that the am-
plitude of the end slider is indeed about one-third of that of the
shaker. This agrees with our expectation when we design the
spring k in an earlier section. It is noted that in this experiment,

Fig. 7 Replot of Fig. 6 by shifting the numerical simulation
result „dashed curve… to the right 0.13 s such that the instants
of the last peaks before snapping are aligned
the central core of the shaker has a stroke of nearly 2 mm. Appar-
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Downloa
ntly, the added spring k reduces the mechanical impedance as
een from the shaker, as compared to the design without k in �12�.

When the arch is in the snapped position, it is relatively easier
o snap it back to the other side by adjusting the excitation fre-
uency of the shaker to the first natural frequency of the snapped
osition, i.e., 8.7 Hz, as recorded in Fig. 9. The excitation force is
7 N in this case. The solid and dashed curves represent experi-
ental result and numerical simulation, respectively. In Fig. 9, the

ashed line is shifted to the right such that the instants of the last
eaks before snapping back are aligned. Again, fairly good agree-
ent between the experiment and theory is observed during the

ibrant snapping action.

ig. 8 The measured longitudinal displacement history of the
nd slider „solid curve… and the shaker „dashed curve… in the
xperiment described in Fig. 6

ig. 9 Experimental „solid curve… and theoretical „dashed
urve… lateral displacement history at the middle point of the
rch. The arch starts at the snapped position. The dashed
urve is shifted to the right 0.14 s such that the instants of the

ast peaks before snapping back are aligned.
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Conclusions
In this paper we demonstrate both numerically and experimen-

tally that it is possible to snap a pinned-pinned shallow arch back
and forth between two positions at will by harmonic excitation at
the end. In the experimental setup, one end of the arch is fixed in
space, while the other end is attached to a shaker via a spring. The
shaker-mount is first moved a small distance toward the arch to
ensure that the arch possesses two stable equilibrium positions,
one on each side of the base line. The spring connecting the arch
slider and the mechanical shaker is carefully chosen such that a
small shaker stroke can induce a large vibration amplitude of the
arch. By adjusting the excitation frequency of the shaker to the
first natural frequency of the assembly and carefully adjusting the
magnitude of the magnetic force in the shaker, we demonstrate
successfully that the arch can snap to and remain vibrating on the
other side. To snap the arch back, we simply adjust the excitation
frequency of the shaker to the first natural frequency of the
snapped position and reduce the magnetic force. This experimen-
tal setup represents a new scheme to control a bistable device that
may find application in the future.
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