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Abstract 

Current trends in structural design and retrofit frequently dictate artificially modifying the 
structural behavior in an attempt to target unfavorable loading scenarios expected to com-
promise the fulfilment of stability and serviceability criteria. Particularly in structures where 
operational requirements result in adopting unconventional structural systems, usually falling 
outside the scope of codified regulations and guidelines, adapting the structural behavior by 
means of structural subsystems has been widespread. Referred to as “structural control”, en-
hancing the ability of structures to adapt to unfavorable loading conditions encompasses at-
taching structural subsystems, such as dampers, to the main structure. Moreover, the 
increasing application of structural health monitoring (SHM) for structural assessment and 
maintenance has fueled research in coupling SHM with structural control, thus paving the 
way for developing structural systems capable of autonomously adapting structural proper-
ties. In this context, this paper describes a preliminary approach to automated structural 
health monitoring and control by coupling a wireless SHM system with a tuned liquid column 
damper (TLCD). The wireless SHM system is equipped with embedded algorithms managing 
SHM tasks, such as data sampling and data processing, and with actuators able to modify the 
properties of the TLCD based on any user-defined control algorithm. The proposed approach 
serves as a first step towards fully automated structural health monitoring and control and is 
validated through laboratory tests on a four-story shear frame structure equipped with a 
wireless SHM system and a TLCD on the top story.  
 
 
Keywords: Automated structural control, structural health monitoring, wireless sensor net-
works, tuned liquid column dampers. 
 



1 INTRODUCTION 

In structural design, minimizing material usage while complying with design requirements 
and specifications is common practice. Particularly with the advent of high-strength materials, 
engineers tend to adopt lightweight designs for structural systems, which, in turn, offer archi-
tectural flexibility and ease of construction. However, the consequent decrease in structural 
mass has been proven particularly detrimental to structural dynamic behavior [1, 2]. Unfavor-
able (excessive) dynamic responses in lightweight structures are basically attributed to low 
inertial forces counteracting vibrations and to low critical viscous damping forces dissipating 
vibration energy; both inertial and damping forces are proportional to structural mass. Since 
lightweight structural design is frequently employed in critical infrastructure and is therefore 
associated with public safety, devising structural modifications to mitigate unfavorable vibra-
tions that come to the forefront. Representing the state of the art in artificially modifying 
structural responses, “structural control” has been gaining increasing attention over the past 
decades [3, 4].  

With respect to suppressing unfavorable structural vibrations, structural control is typically 
realized through damping devices (“dampers”) attached to structures to dissipate vibration 
energy. According to the theory of structural dynamics, the behavior of a vibrating structure is 
described by its vibration modes. As a result, dampers attached to the structure are according-
ly “tuned” to act against frequency components in the structural response that correspond to 
vibration modes. Depending on the technique used for tuning, structural control via damping 
can be passive, active, or semi-active. Passive control is associated with dampers dissipating 
energy though out-of-phase motion with respect to the structure at critical frequency compo-
nents of the structural response. In active control, damping forces are computed in real time 
using control algorithms and directly applied to dampers. Semi-active control has been devel-
oped to compensate for the drawbacks of passive and active control. Specifically, passive con-
trol systems suffer from inability (i) to adapt to structural conditions altered over the lifespan 
of structures and (ii) to target multiple frequency components; active control systems demand 
continuous power supply. By contrast, semi-active control systems are similar to passive sys-
tems in terms of mechanics, albeit able to alter their structural properties on demand with 
minimal power supply. As a result, semi-active control systems have been gaining increasing 
popularity. 

Active and semi-active structural control is frequently coupled with structural health moni-
toring (SHM) strategies. Structural response data collected by SHM systems can be used as 
input to feedback loop systems for computing vibration-counteracting control forces that need 
to be applied to structural systems. Depending on the type of structural control system, control 
forces are either directly applied to the damper or used to modify the structural properties of 
the damper. Following advances in wireless technologies and the gradual incorporation of 
wireless sensor networks in SHM [5, 6], structural control strategies have been adapted to 
wireless SHM systems. Specifically, structural control algorithms traditionally designed for 
centralized applications of tethered SHM systems have been embedded in wireless sensor 
nodes to leverage the on-board processing capabilities of the sensor nodes and to reduce wire-
less data transmission, which is unreliable and power-consuming. Moreover, the inherent au-
tomation in wireless SHM systems is fully compatible with the emerging “smart” structures 
paradigm, which fosters structures able to perceive and adapt to structural modifications and 
to surrounding environmental conditions. 

Research in structural health monitoring and control (SHMC) has been widespread; Fisco 
and Adelli have provided a thorough review on semi-active and active control approaches us-
ing SHM [7]. Xu and Chen have proposed a scheme for integrating vibration health monitor-
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ing and vibration control, by updating stiffness matrices of monitored structures and structural 
parameters identified through system identification with known stiffness induced by semi-
active friction dampers [8]. SHMC approaches pertaining to system identification and damage 
detection have also been proposed. For example, Fu and Johnson have presented algorithms 
for enhancing damage detection strategies via SHM by triggering specific vibration modes 
during excitation using distributed mass dampers [9]. Moreover, Dragos et al. have introduced 
a data-driven analysis algorithm for system identification of a radio tower equipped with a 
tuned mass damper [10]. Finally, embedded algorithms for SHMC have also been proposed in 
the field of wireless SHM. Notable examples include the wireless active sensor node devel-
oped by Loh et al., for applying control forces to a semi-active magnetorheological damper 
using an embedded linear quadratic Gaussian control algorithm, and the closed-loop control 
system proposed by Lynch et al., in which control forces are computed using the linear quad-
ratic regulator algorithm [11, 12].  

This paper presents a preliminary approach towards developing a wireless structural health 
monitoring and control system. Specifically, considering the specific features of wireless 
SHM systems in terms of networking and system management, the infrastructure for applying 
control strategies on a wireless SHM system is developed. Structural control in this study is 
achieved using a tuned liquid column damper (TLCD), whose benefits have been well docu-
mented in literature [13-16]. By leveraging the autonomy of wireless sensor nodes, the infra-
structure proposed in this paper is designed in a modular manner to automate the intra-
network wireless communication as well as the management of the control device (TLCD). 
Furthermore, the user is given the option to embed any control algorithm into the system or to 
override the embedded algorithms for tuning the TLCD manually. The remainder of the paper 
is organized as follows: In the second section, the fundamentals of TLCD operation are ex-
plained. The third section covers the description of the wireless SHMC infrastructure. The 
fourth section includes preliminary validation tests of the wireless SHMC infrastructure. Fi-
nally, the work presented in this paper is summarized, conclusions are drawn, and an outlook 
on future research is provided. 

2 TUNED LIQUID COLUMN DAMPERS 

Traditional passive control practice in structural engineering has been largely relying on 
tuned mass dampers for vibration energy dissipation. A tuned mass damper is attached to a 
structure as a secondary structural system that absorbs oscillation energy through out-of-phase 
motion with respect to the structure. However, the origin of the tuned damping concept is as-
sociated with a damper introduced by Frahm in 1909 as an approach to counteract the motion 
of ships. Frahm’s damper consisted of communicating vessels filled with water, whose out-of-
phase motion with the ship vibration reduced the overall hull-rocking motion. Moreover, the 
frequently onerous logistics of installing tuned mass dampers on structures (i.e. large masses 
required, which construction-wise are difficult to install) has diverted the attention of engi-
neers towards utilizing non-structural equipment to the benefit of damping, resulting in the 
development of tuned liquid dampers and tuned liquid column dampers.  

Tuned liquid column dampers exhibit dampening functionality that resembles the mechan-
ics of Frahm’s damper. A typical tuned liquid column damper is a U-shaped tank filled with a 
Newtonian liquid, as shown in Figure 1. Essentially, the tank is formed by two vertical tubes 
functioning as communicating vessels being connected via a horizontal tube. The out-of-
phase motion of the liquid with respect to the structure results in vibration energy being ab-
sorbed by the TLCD, which, in turn, reduces the overall oscillatory motion of the structure. 
While full TLCD operation is achieved via unconstrained motion of the liquid, tuned liquid 
column dampers are frequently manufactured with a valve installed at the midpoint of the hor-



izontal tube to control the liquid flow. By varying the angle of the valve opening, the structur-
al properties of the TLCD can be easily modified. 
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Figure 1: Schematic of a typical TLCD installed in a structure. 

 
The governing equation of a structure equipped with a TLCD is [17]: 
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In Equation 1, Ms, Cs and Ks represent the mass, damping and stiffness, respectively, of the 

structure. The dynamic properties of the liquid are denoted by mf and Kf, representing the 
mass and the stiffness of the liquid, respectively, while ρ is the density of the liquid. Regard-
ing the geometrical properties of the tank, A is the cross section area of the horizontal tube, Av 
is the cross section area of the vertical tubes, θ is the angle between each vertical tube and the 
horizontal tube, and b is the length of the horizontal tube. The motion of the structure in terms 
of acceleration, velocity, and displacement is expressed by Ẍs, Ẋs and Xs, respectively, and the 
corresponding variables for the liquid motion are Ẍf, Ẋf, and Xf. The external force is denoted 
by F(t), l represents the effective length of the liquid inside the TLCD, α is the length ratio l/b, 
and ξ is the headloss coefficient of the valve, which depends on the type of orifice used to 
control the valve. The ability to control the liquid flow in tuned liquid column dampers offers 
the option of quick and easy modification of TLCD structural properties. The TLCD dampen-
ing effect is proportional to the liquid mass passing through the valve, given that the geometry 
of the tank is constant. The versatility in adjusting structural properties has rendered tuned 
liquid column dampers a practical solution for semi-active control. In the next section, the in-
frastructure for semi-active structural control combining a TLCD with a wireless SHM sys-
tems is described. 
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3 A WIRELESS STRUCTURAL HEALTH MONITORING SYSTEM WITH 
STRUCTURAL CONTROL CAPABILITIES 

To materialize the wireless SHMC infrastructure for the purposes of this study, a wireless 
structural health monitoring system is devised. The SHM system comprises wireless sensor 
nodes, one of which is designated as “control” node and is interfaced with a TLCD by con-
necting the valve orifice to the actuation interface of the control node platform. The control 
node processing unit offers the possibility of deploying any control algorithm, which, by us-
ing structural response data locally collected, manages the TLCD valve opening. As a result, 
the wireless SHMC infrastructure follows the semi-active control paradigm. The rest of the 
sensor nodes are mainly tasked with collecting structural response data to be transferred to the 
control node, while also offering the option to embed portions of the structural control algo-
rithm into their processing units and, thus, to perform structural control in a distributed man-
ner. The valve opening is managed via a stepper motor, with the steps for powering the motor 
corresponding to the angle computed as the outcome of the control algorithm. Furthermore, 
the control node offers the option to manually override the TLCD valve angle by directly set-
ting the angle value, so as to avoid unfavorable modifications of the TLCD properties as a re-
sult of erroneous outcomes from the structural control algorithm. The wireless SHMC 
infrastructure also includes a server for logging SHMC outcomes and for managing the 
SHMC components of the system. Communication between the server and the wireless sensor 
nodes, as well as between the wireless sensor nodes themselves, is achieved through wireless 
peer-to-peer links. The wireless SHMC infrastructure is shown in Figure 2. 

 
Control node

Receive network 
information 

and analysis parameters

Calibrate/standby mode

Sample acc. response data

Process acc. response data

Send control information 

Initialize system

Read and send network 
information and analysis 

parameters

Receive control 
parameters

Storage/further action

Receive network 
information 

and analysis parameters

Calibrate/standby mode

Sample acc. response data

Process acc. response data

Apply control algorithm

Send control parameters

Sensor nodesServer

Receive control 
information

Override orifice management

Manage TLCD orifice 
angle

 
Figure 2: Operation flow chart of the wireless SHM and control system. 

 



The tasks of the server and the embedded algorithms of the sensor nodes are organized into 
two software modules, the “server module” and the “on-board module”. Both software mod-
ules are written in Java programming language, leveraging the object-orientation concept, 
which is frequently followed in modular software design. The server module includes three 
classes, the TLCDonDesktop, the SystemSetup, and the Transceiver. The TLCDonDesktop 
class handles the initialization of the wireless SHM system and the storage of SHMC out-
comes. The class SystemSetup assigns tasks to wireless sensor nodes, and class Transceiver 
manages the wireless communication between the server and the sensor nodes. As mentioned 
previously, the wireless SHMC infrastructure offers the possibility to manually override the 
valve angle; manual overriding is implemented in the specifyAngle method of the class 
TLCDonDesktop. The on-board module comprises four classes, the TLCDonBoard class, the 
SystemManager class, the Sampling class, and the Control class. The TLCDonBoard class ini-
tializes the processing unit and manages the valve opening based on the controlForce attribute, 
which is utilized by the manageValve method. The class SystemManager manages the sensor 
node peripherals, and structural response data collection is performed by the Sampling class. 
Finally, the class Control executes a user-defined structural control algorithm whose outcome 
is passed to the controlForce attribute. It is evident from the modular software design that the 
user is able to plug in any structural control algorithm without affecting the overall operation 
of the wireless sensor node. Figure 3 and Figure 4 illustrate UML class diagrams of the server 
module and of the on-board module, respectively. Preliminary tests on the wireless SHMC 
infrastructure are shown in the next section. 

 

Host Application

TLCDOnDesktop

– systemSetup: SystemSetup

– run( ): void
– receiveAndStoreData(int, int): void
– main(String[ ]): void

Transceiver

– NUMBER_OF_NODES: int
– rCon: RadiostreamConnection
– dis: DataInputStream [ ]
– dos: DataOutputStream [ ]
– addressPrefix: String = “0014.4F01.0000.”
– addresses: String [ ]
– nodePorts: String [ ] [ ]

+ Transceiver(String [ ])
+ initializeWirelessConnections(): void
+ getReceivers( ): DataInputStream [ ]
+ getTransmitters( ): DataOutputStream [ ]
+ getReceiver(int): DataInputStream
+ getTransmitter(int): DataOutputStream

SystemSetup

– NODE_PORTS: String [ ] [ ]
– transceiver: Transceiver
– numOfModes: int
– samplingRate: int
– length: int
– IEEEAddresses: String [ ] [ ]

+ SystemSetup( )
+ specifyAngle(String): void
+ setOption( ): boolean
+ sendPacketToNode(int, String): void
+ sendPacketToAll(String [ ]): void
+ receivePacketFromNode(int): String [ ]
+ receivePacketFromAll( ): String
+ getSamplingRate( ): int
+ getNumberOfNodes( ): int
+ getLengthOfTimeSeries( ): int
+ getIEEEAddresses( ): String [ ]
– enterInfo( ): void
– enterIEEEAddresses( ): void
– setValue(String, int, int): int

appmanager

 
Figure 3: UML representation of the server module. 
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TLCDOnBoard

– pin1: IIOPin
– pin2: IIOPin
– manager: SystemManager
– acc: double [ ]
– myAddress: String
– controlForce: Control

– manageValveAngle(doubl): int[ ]
– sendAccelerationData(double [ ] [ ]): void 
# startApp(): void
# pauseApp(): void
# destroyApp(): void
# manageValve( ): void

Transceiver

– myAddress: String 
– myPort: String
– addressPrefix: String = “0014.4F01.0000”
– addressOfBaseStation: String
– dis: DataInputStream
– dos: DataOutputStream
– rCon: RadioStreamConnection

+ Transceiver(String, String)
+ getReceiver: DataInputStream
+ getTransmitter: DataOutputStream
– initializeWirelessConnection(): void

Sampling

– ACC: MMA7455LAccelerometer
– DELTA_T: double
– DIRECTION: String
– noise: double

+ Sampling(int, double, String, double)
– customizeSensor(): void
– computeNoiseReduction(int): void
– setSensorToStandby(double): void
– baseLineCorrection(double []): double []
# collectAccelerations(int): double []

appmanager On-board Application

Control

– timeStep: double
– accelerations: double [ ]
– ……

+ Control(double, double [ ], …)
+ getControlForce(): double
– applyControl(): double
– …

SystemManager

– transceiver: Transceiver 
– led: ITricolorLED
– myAddress: String 
– myPort: String
– nodePorts: String [ ] [ ]

+ SystemManager(String)
+ sendPacketToBaseStation (String): void
+ receivePacketFromBaseStation ( ): String
+ getMyPort( ): String
+ flashLED(String, int): void
+ turnOffLED(int): void
+ terminate( ): void
– findMyPort(): void

 
Figure 4: UML representation of the on-board module. 

4 VALIDATION TESTS 

This section reports on preliminary laboratory validation tests of the proposed wireless 
SHMC infrastructure. The laboratory tests are performed on a shear frame structure equipped 
with a wireless SHM system and a TLCD installed on the top story. The shear frame structure 
comprises four stories each having a 300 mm × 200 mm × 15 mm (length × width ×thickness) 
aluminum slab resting on four aluminum columns of rectangular cross section with dimen-
sions 20 mm × 2 mm. The short cross section dimension of the columns (2 mm) is aligned 
with the long dimension of the plates (300 mm). The columns are clamped at their base. The 
TLCD has two vertical tubes (θ = 90°) connected with a horizontal tube and an orifice at the 
midpoint of the horizontal tube. More details on the TLCD specification can be found in 
Karimi et al. [18]. The wireless SHM system consists of two wireless sensor nodes, one 
placed at the center of the second story and one placed at the center of the top story. The sen-
sor node at the top story is designated as control node and its actuation interface is therefore 
connected to the TLCD valve orifice. The experimental setup is illustrated in Figure 5. 

 

 
Figure 5: Experimental setup. 



The preliminary validation tests serve as proof that the valve angle value can be successful-
ly applied to the TLCD. Since the proposed wireless SHMC infrastructure is expected to be 
compatible with any control algorithm, implementing a control algorithm would fall beyond 
the scope of preliminary testing. Instead, to showcase the effective operation of both the 
hardware and the software modules of the SHMC infrastructure, the override option for the 
valve angle is applied. The preliminary validation tests are conducted under free vibration of 
the shear frame along the long side of the plates. To gain insights into the dampening effect 
that the TLCD is expected to achieve, numerical simulations of the shear frame structure are 
performed. The shear frame structure is modeled as a plane frame with four translational de-
grees of freedom compatible with the actual motion of the shear frame structure. The dampen-
ing effect of the TLCD is simulated by adding a “damper” mass to the top story. Given the 
low complexity of the numerical analysis, for simulating the shear frame structure the Dyna-
soft educational software package developed at Artistotle University of Thessaloniki is em-
ployed [19]. Since the excitation is studied only in one direction, the shear frame is simulated 
as a two-directional (plane) frame, by evenly distributing the stiffness of each story of the 
shear frame structure to the two columns of the corresponding story of the plane frame. In the 
simulations, the mass of each story is assumed lumped at the midpoint of each story. 

Figure 6 illustrates the displacement histories of the numerical analysis for thee values for 
the damper mass, md = 0, md = 1.5 kg, md = 2 kg. The three damper mass values aim at ap-
proximating the behavior of the structure for TLCD valve angles, φ = 0° (fully closed valve), 
φ = 60°, and φ = 90° (fully open valve), respectively. The aforementioned TLCD valve angles 
are experimentally tested with the displacement histories of the tests shown in Figure 7. 

 

 
Figure 6: Top story displacement time history from numerical analysis using Dynasoft for variable damper 

masses (corresponding to different valve angles of the TLCD). 
 

 
Figure 7: Top story displacement time history obtained from the experiments for variable valve angles of the TLCD. 

 
The favorable effect of the damper is clearly shown in both the numerical simulations and 

the laboratory tests. Moreover, the increasing dampening effect of the TLCD as the valve 
opens from 0° to 90° is evident and in accordance with the increase of the damper mass in the 
simulations. Discrepancies in the magnitudes of the displacement histories between the labor-
atory tests and the simulations are attributed to differences in the excitation input and to 
TLCD effects not being able to be adequately captured in simulations essentially using tuned 
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mass damping. Nevertheless, the validation tests showcase the ability of the wireless SHMC 
infrastructure to efficiently modify the structural behavior under dynamic actions. The opera-
tion of the wireless SHMC infrastructure can be fully automated by integrating any structural 
control algorithm into the embedded processor of the control node.  

5 SUMMARY AND CONCLUSIONS 

This paper has presented a wireless structural health monitoring and control infrastructure. 
Drawing from trends in building maintenance and management, the infrastructure proposed in 
this paper integrates wireless SHM systems with semi-active control strategies to autono-
mously modify the structural behavior. The wireless SHMC infrastructure consists of a wire-
less SHM system coupled with a tuned liquid column damper, whose properties can be 
modified by the wireless sensor nodes of the SHM system. Specifically, the TLCD properties 
are modified by varying the angle of a valve installed in the horizontal tube of the TLCD. One 
wireless sensor node in the SHM system is equipped with embedded algorithms that compute 
control forces using structural response data and, subsequently, accordingly modify the valve 
angle. The embedded algorithms are designed in a modular manner to enable deploying any 
control algorithm for computing control forces, while also allowing the manual override of 
the valve angle by the user.  

Preliminary validation tests have showcased the operability of the proposed wireless 
SHMC infrastructure. A wireless SHM system has been installed on a laboratory shear frame 
structure equipped with a TLCD on the top story. Free vibration tests for various valve angles 
manually introduced to the embedded software have resulted in noticeable modification of the 
structural behavior of the shear frame structure. Moreover, the results from the tests have been 
shown to be in satisfactory agreement with simulation tests of the shear frame structure, 
which have been conducted to gain insights into the anticipated dampening effect of the 
TLCD. Future work will be directed into testing various well-established control algorithms, 
both in terms of efficiency of the algorithms themselves as well as from the viewpoint of ease 
in algorithm deployment to advance the modularity of the proposed wireless SHMC infra-
structure. 
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