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ABSTRACT: Dynamic behavior in structures is usually taken into account with factors for 
impact loading and a range of natural frequencies to avoid. In a tensegrity structure, the effects 
of a member breakage propagate through several possible load paths. A tensegrity structure is 
system made of struts and cables whose equilibrium depends on self-stress. This paper presents 
a study of the effects of cable ruptures on an experimental pedestrian footbridge tensegrity 
structure. Possible sensor locations are identified using the greatest changes in natural frequency 
due to ambient and forced-frequency vibrations. 

1 INTRODUCTION 

Tensegrity structures are systems composed of struts and cables held in equilibrium by self-
stress (Motro 2011; Pellegrino and Calladine 1986; Snelson 2012). Cable rupture is a hazard 
scenario for tensegrity structures in civil engineering (Gantes et al. 1989; Motro et al. 2006; 
Pellegrino 2001; Skelton et al. 2001). When redundancy is present in these structures, a cable 
rupture might cause only a serviceability-state violation rather than an ultimate limit-state 
violation. 

Damage detection in a tensegrity structure is challenging since sensor placement is affected by 
closely coupled elements. Doebling et al. (1996) addressed damage identification, sensor 
placement and appropriate data-interpretation methods. A summary of inverse methods for 
damage identification was completed by Friswell (2007). Ashwear and Eriksson (2014) 
introduced a known perturbation to measure the response of actively-controlled structures. In 
case of damage, an unexpected response was recorded. Ashwear et al. (2017) have also made 
vibration-based health monitoring simulation studies of a 2D tensegrity structure. Except for 
studies mentioned, few of these included work on damage detection for deployable tensegrity 
structures in civil engineering. 

Damage detection methods studied by Fan and Qiao (2010) include frequency based, mode-
shape-based, curvature mode-shape-based and a combination of frequency and mode shape 
based methods. Shekastehband et al. (2012) studied sensitivity of tensegrity structures to 
member loss and dynamic load propagation (Shekastehband and Abedi 2014). Changes in 
stiffness cause more pronounced changes in natural frequency than in mode shape (Fan and 
Qiao 2010). These changes in the ambient vibration due to damage can be smaller than 
environmental effects. No alternative method to ambient vibrations was proposed for structures 
where the modal matrix is not helpful to determine mode shapes. 

A method for self-diagnosis to identify damage location using sensors that measure structural 
response has been proposed by Domer and Smith (2005). Firstly, slope measurements  and 
simulations of candidate solutions were compared for controlling the top face slope of an 
adaptive structure. Candidate scenarios were generated and were assessed in terms of feasibility 
by using small actuator movements (Adam 2007). A self-diagnosis study have also been made 
by Veuve (2016) for the deployable tensegrity footbridge using static calculations of loading 
and unloading the structure. The deployable tensegrity footbridge requires two levels of self-
stress; one state for shape correction (Sychterz and Smith 2016) after mid-span connection 
(Veuve et al. 2016) and one state with a reduced stress for serviceability. This study was limited 



  

 

  

to small actuation movements. With the exception of the studies mentioned above, no 
investigation on damage detection in tensegrity structures could be found.  

This paper outlines a study focusing on damage detection and sensor location optimization in a 
full-scale tensegrity structure. Simulation results from two configurations of a tensegrity 
structure are used to compare the natural frequencies in healthy and damaged states. Damage 
occurs due to loss of stiffness in a cable element. 

2 TENSEGRITY STRUCTURE 
The layout shown in Figure 1, called “hollow-rope”, was first proposed by Motro (2006) for a 
pedestrian bridge scheme. This structure is used for testing a configuration that deploys along 
several degrees of freedom. 

Figure 2 shows an isometric view of the bridge when fully deployed and connected at mid-span 
(Rhode-Barbarigos et al. 2010; Bel Hadj Ali et al. 2010) indicating element type and pinned 
support conditions. Struts are modeled as beams, cables as cable elements, active cables 
actuated by motors as continuous elements and springs as low-stiffness spring elements. The 
structure is composed of four pentagonal ring modules, each with fifteen low-stiffness springs, 
twenty non-continuous cables, thirty struts, and five continuous motor-actuated cables. The 
struts are steel tubes made of structural steel S355, they measure 1.35 m in length, 28 mm in 
diameter and 1.5 mm thickness. Cables are braided, made of stainless steel and have a 3 mm 
diameter. Five motors control the cables that run along the length of the structure and connect at 
the mid-span joints. These cables slide over seats on joints lined with polyethylene tubing to 
reduce friction.  

The tensegrity bridge structure is modeled in two configurations; two-halves of the structure 
connected under pre-stress and one half of the structure prior to mid-span connection. 
Continuous cables are actuated for longitudinal movement (deployment and folding) of the 
structure. In this simulation, the pre-stress applied by cable actuation is 17.5% of the tensile 
strength of cables (Rhode-barbarigos 2012).  

One discontinuous (non-active) cable from each module is selected for a rupture event. Cables 
to be ruptured have been identified by the largest tensile loads measured among the 
discontinuous cables. Since the half structure is a cantilever, all cable segments selected for 
testing are located on the top half as shown in Figure 3. Simulations were carried out using a 
software called SOFiSTiK (2016).  

A rupture event is most likely to occur in highly-stressed cables. However, rupture-event 
location is dependent on whether the structure is in the process of deployment and connected at 
mid-span. Continuous-cable stress values are more uniform in the folded state than in the 
deployed state whereas discontinuous cables may carry little to no tension in the folded state. 
For these reasons, cable rupture in the folded state was not tested. 

In the connected and pre-stressed state, cables will carry the highest tension at the top near the 
supports and on the bottom of the structure at mid-span. Since it is likely that a cable breaks 
during deployment as well as when the two-halves of the bridge are connected, both these states 
are considered using simulation. A rupture event during deployment is a concern for 
maintaining geometry while a rupture event during in-service conditions could pose a safety 
concern. 

 

 



  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Elevation sketch of the deployed and connected structure. Cables involved in the rupture study 

are labeled. 

 
  

 
 

Figure 1: Side (left) and front (right) views of tensegrity footbridge schematic. Deployment of the structure 
(bottom) is shown in three stages. 

Figure 2: Three-dimensional view of the finite element model showing typical element types for cables, 
springs, struts, and supports. 
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3 RESULTS 

Changes in natural frequencies due to a cable rupture are more pronounced for the half structure 
compared with the fully connected structure. Figure 4 shows the percent change multiplied by 
change in amplitude between the healthy and damaged structure for the first ten natural 
frequencies. 

Natural frequencies with the biggest difference between healthy and damaged states are 
detected. There are cases where natural frequencies due to ambient vibrations do not change 
when a rupture event occurs. Therefore, other methods such as forced-vibration measurements 
may be necessary. Although Figure 4 shows high level of response for the frequencies 5-10 
(except 8), change in amplitude of these simulated frequencies is low and undetectable. 
Therefore, frequencies 1-3 are taken under consideration for the damage detection study. 

For the full tensegrity structure, the high natural frequencies have a high response to damage 
and a low change in amplitude (Figure 4). The high level of response for the second mode upon 
rupture of the discontinuous cable can be explained by the position close to the supports. 
Removing a cable near the support greatly weakens the structure and incurs a high level of 
response. As with the half structure, focus is on the first three natural frequencies since these 
will be the dominant contribution in measurements. Since low change in amplitude on the full 
structure is expected, little can be concluded from the results using only ambient vibrations.  

3.1 Half tensegrity structure: Prior to mid-span connection 

Regarding the half-structure, Table 1 gives the natural frequencies in a healthy state as well as 
the percent change and standard deviation of those frequencies when the structure is damaged. 
No natural frequencies were lost and none were introduced when the structure transitioned from 
the healthy state to the damage state. Most of the frequencies are above the measurement error 
threshold of 5% and every instance of change between healthy and damaged state is greater than 
the expected mean measurement error. Live load due to pedestrians would not occur prior to 
mid-span connection, therefore the safety limit state requires that the structure does not exceed 
the elastic limit of the material. A time-domain analysis of a cable rupture, Element 26 for 
example, produces an average dynamic load amplification factor of 1.5 in other discontinuous 
cables with a maximum stress of 63 MPa. These simulation results are useful to first ensure that 
no permanent deformation of the structure will occur. A subsequent study will involve 
comparisons with measurements. 

 3.2 Full structure connected at mid-span 

Regarding the fully connected structure, Table 1 also gives the natural frequencies in a healthy 
state as well as the percent change and standard deviation of those frequencies when the full 
structure is damaged. The difference between healthy and damaged states observed via 
simulation is consistently greater than the measurement error threshold of 5% and greater than 
the average error between measurement and simulation thus damage is detectible.  

 

 



  

 

  

Figure 4: Percent change of simulated natural frequencies for the half (above) and full (below) tensegrity 
structure under ambient vibrations given four instances of cable rupture. The percent change was 

multiplied by the relative change in amplitude. 

The tensegrity structure has a high degree of connectivity in the full structure. This results in a 
change due to damage that is lower in the full structure than in the half structure. Percent 
differences between healthy and damaged states for various cable ruptures on the full and half 
structure are useful to determine natural frequencies that are most affected by cable rupture. For 
example, the average percent change of the first three natural frequencies for both the half 
structure and the full structure from Table 1 is low at approximately 4%. For these frequencies 
to be detectible by measurements on the structure, the sensors must be placed in the best 
possible locations, the sampling rate must be high, and the equipment resolution error should be 
as low as possible.  



  

 

  

Dynamic measurement sampling frequency is typically two to three times the highest frequency 
to be measured due to the Nyquist Criterion relationship of frequency to two times the 
bandwidth (Wang 1980). Regardless of this minimum requirement, it is advisable to sample at a 
minimum frequency of approximately 150 Hz for resolution in frequency-domain analysis. 
Equipment resolution needs to be sensitive to the amplitude of changes in load and position due 
to damage. From simulation results, it is advisable for load measurement equipment to have a 
resolution in the range of 10 N and position measurement equipment to have a resolution in the 
range of 1 mm.   

 
Table 1: Simulation comparisons of undamaged and damaged natural frequencies of half structure. 

Half structure Full Structure 

Healthy  Damaged  Healthy Damaged 

Simulated (Hz) Change (%) Simulated (Hz) Change (%) 

2.0 4.4 11.9 4.2 

2.2 6.4 13.9 4.4 

6.0 4.4 14.4 4.7 

7.9 18.9 17.4 4.1 

10.2 7.5 20.2 5.3 

12.2 7.7 21.2 4.2 

14.0 7.8 24.8 5.6 

14.9 3.9 26.0 19.3 

 

3.3 Sensor placement 

Sensor placement is an important aspect when studying vibrations in a structure. The largest 
change in position due to the rupture of any given cable in the half and full tensegrity structure 
is good candidate for sensor location measuring position. The largest change in tension values 
due to a rupture of any given cable in the half and full tensegrity structure is a good candidate 
for a sensor location measuring strain. Joints that experienced the greatest movement and 
elements that experienced high values of force would also be good candidates for sensor 
placement.  

Prior to allocation of sensor position, additional considerations are necessary. Position 
measurement equipment, such as optical tracking devices, should be installed at locations of the 
largest displacement due to rupture as well as an even distribution throughout the structure. 
Lastly, installing position measurement equipment adjacent to cables with load measurement 
equipment leads to opportunities for energy studies. Given ten position sensors and five strain 
gauges for cables to be installed on one half of the tensegrity structure, the proposed sensor 
locations are shown in Figure 5.  



  

 

  

 

4 DISCUSSION 

Two methods involving ambient vibration simulations and forced-frequency vibration 
simulations are used to extract natural frequencies of a structure. Natural frequency extraction 
using ambient vibrations has been discussed in the previous section. Changes in mode shapes 
associated with natural frequencies are often used to detect damage. This method works well 
when sensors can be placed along an axis. Tensegrity structures do not have joints aligned in the 
vertical, lateral, and longitudinal axes. Therefore, changes in mode shape vectors would not 
provide useful insights related to behavior of the structure. 

Forced-frequency vibration simulations amplify movement of the structure compared with the 
structural response to ambient vibration. Properties of a moving mass govern a frequency 
response function to extract the response of the structure. Setting the forcing frequency of the 
mass near one of the first natural frequencies of the structure will cause a near-resonance 
response. Time-domain analysis of the structure under a sinusoidal load was simulated. At a 
frequency of 1.8 Hz, just below the first natural frequency, using a mass of 0.25 kg, and placing 
the shaking mass on the lowest element at mid-span shows promise for strong and measurable 
response signals. 

 5  CONCLUSIONS 

Comparison of simulation results from healthy and damaged models reveals the potential for 
determining sensor locations that will successfully detect damage in the hollow-rope tensegrity 
footbridge. Experimental testing is currently under way to verify results from numerical studies. 
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