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Abstract 9 

Tensegrity structures are spatial self-stressed pin-jointed structures where compression 10 

components (struts) are surrounded by tension elements. This paper describes a near full-scale 11 

deployable tensegrity footbridge that deploys from both sides and connects at mid-span. Two 12 

topologies that differ in terms of symmetry of elements and paths of continuous cables are 13 

compared. Although both topologies behave similarly with respect to serviceability criteria, there 14 

is a significant difference in behavior during deployment. A two-stage control methodology for the 15 

connection of both halves of the footbridge is presented. The control methodology determines 16 

active cable length changes based on computational control and measurement of the response of 17 

the structure during deployment. Both halves are successfully connected at the end of deployment.  18 
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1. Introduction 35 

Motro [1] defined tensegrity structures as self-stressed and pin-jointed assemblies of compression 36 

elements inside a network of tension elements. Skelton [2] classified tensegrity structure as “class 37 

k” with “k” being the number of struts that are linked together at the nodes. Tensegrity structures 38 

are good candidates for deployment because structural elements can be used as active elements. In 39 

addition, Caluwaerts et. al. [3] showed that the stress distribution can be modified in redundant 40 

tensegrity structures without altering the equilibrium shape and conserving a constant energy level. 41 

Therefore tensegrity structures are good candidates for energy-efficient adaptive structures.  42 

Shape control has been demonstrated using tensegrity structures and other pin-jointed structures 43 

such as trusses and Geiger domes. Ziegler [4] presented analytical and simulation results of a 44 

method for shape control of discrete structures such as a truss that does not result in additional 45 

stress. Domer et. al. [5] controlled the deflections of a tensegrity grid under several load cases. The 46 

control commands were obtained from stochastic search methods combined with structural 47 

analysis. Adam and Smith [6] evaluated the ability of a tensegrity grid to improve the performance 48 

of adaptation to new load cases through reinforcement learning. Dalil Safaei et. al. [7] showed that 49 

the bending stiffness of a tensegrity boom was improved with appropriate actuator placement and 50 

computed the actuation with genetic algorithms combined with a non-linear finite element method. 51 

Shon et. al. [8] numerically studied the shape adjustment of a Geiger dome. Kmet et al. [9] studied 52 

and tested a tensegrity module which was able to adapt its geometrical form and pre-stress 53 

properties to external conditions. Experimental results verified close-form predictions. Although 54 

these studies demonstrate efficient control strategies in terms of shape and stress adaptation, shape 55 

changes are small compared with what is needed for deployment. 56 

It is often assumed that structural control is useful only for mitigating vibration. Ganesh Raja and 57 

Narayanan [10] analytically studied the control of random vibrations in a two stage, three-strut 58 

tensegrity structure. Bel Hadj Ali and Smith [11] showed the feasibility of modifying the self-stress 59 

level in order to shift the natural frequencies away from the excitation frequency range. The self-60 



stress was modified through changes in strut length computed from a combination of stochastic 61 

search and structural analyses. El Ouni and Ben Kahla [12] optimized the number of sensors and 62 

actuators in a Geiger dome and proposed active tendon control for vibration attenuation. Amouri 63 

et. al. [13] proposed a methodology for the attenuation of the first vibration mode of a tensegrity 64 

grid. They demonstrated on a full-scale tensegrity grid that their methodology performs efficiently 65 

for flexural modes even in the presence of random force excitation. These studies showed that 66 

dynamic behavior can be improved by activating the elements in tensegrity structures. None of 67 

these studies involved deployment. 68 

Tensegrity structures have been used in robotics. Graells Rovira and Mirats Tur [14] established 69 

through simulations that a tensegrity-based mobile robot is able to follow a desired path on flat 70 

surfaces. Caluwaerts et al. [15] studied control methods for the locomotion of a compliant spherical 71 

tensegrity robot on complex terrains. They showed that simulations of the locomotion of the 72 

spherical tensegrity were in good agreement with prototype measurements. Bliss et. al. [16] 73 

demonstrated the robustness of a central pattern generator control for the motion of a tensegrity 74 

swimmer where cables were used to be simultaneously actuators and sensors. Although there are 75 

several successes in the field of robotic tensegrity structures, civil tensegrity structures differ in 76 

size and design goals since there are, for example, restrictive needs related to serviceability criteria. 77 

Those who have studied tensegrity structure deployment focused on simple configurations. Pinaud 78 

et al. [17] studied the deployment of a small-scale class 2 tensegrity tower. Schenk et. al. [18] used 79 

springs in order to design and test a statically balanced deployable tensegrity structure. The 80 

deployment of a near-full scale class 1 tensegrity reflector was analysed and tested by Zolesi et al. 81 

[19]. Tests of this structure showed deployment repeatability. Zhang et. al. [20] described the cable-82 

controlled reconfigurations of tensegrity structures based on a symmetrical state of self-stress 83 

maintaining a constant strain energy level. Xu et. al. [21] proposed a path planning method avoiding 84 

internal strut contact and obstacle collision for the shape change of active tensegrity structures. 85 

Sultan [22] studied a three stage tensegrity tower and showed that deployment along infinitesimal-86 

mechanism direction does not dissipate energy. Possible non-repeatable deployment was not 87 

addressed. 88 

Most studies on locomotion and deployment are related to tensegrities where no joint modelling is 89 

required either because they are built at a small scale, or joint-related modelling challenges are 90 



small because they belong to class-1 tensegrity structures. A recent study by the authors [23] on 91 

tensegrity deployment demonstrated that joint eccentricities and friction in a near full-scale 92 

tensegrity structure of class 2 and higher lead to non-repeatable deployment behavior. In addition 93 

simulations performed with frictionless and dimensionless joints result are not accurate. Active 94 

control is employed in this paper to accommodate these aspects. 95 

Pugh [24] first described tensegrity ring modules. Motro et. al. [25] showed that a tensegrity ring 96 

module is deployable. Cevaer et. al. [26] studied the compression mechanical behaviour of a 97 

deployable tensegrity ring. Rhodes-Barbarigos et. al. [27] studied the mechanism-based approach 98 

for the deployment and the design aspects [28] of a deployable tensegrity footbridge composed of 99 

four tensegrity ring modules. Challenges related to the mid-span connection of the footbridge have 100 

not yet been examined. 101 

This paper proposes a control methodology for the connection of both halves of a near full-scale 102 

deployable tensegrity footbridge. More specifically, objectives are to compare two configurations 103 

of the footbridge in terms of serviceability performance and deployed shape prior to mid-span 104 

connection. Control commands that are computed from a combination of stochastic search and 105 

quasi-static analyses of the structure assuming frictionless and dimensionless joints are then tested. 106 

Finally, an additional control command search based on measurement of the real structural 107 

response to active cable length changes during deployment is verified experimentally. 108 

2. Deployable tensegrity footbridge 109 

The structure is a ¼-scale model of a deployable tensegrity footbridge (see Figure 1). Rules of 110 

similitude and modelling have been respected so that strains on the ¼ scale model are the same as 111 

would be experienced by a full-scale structure. The structure is composed of steel struts that are 112 

hollow tubes with a 28 [mm] diameter and 1.5 [mm] thickness, steel cables with a cross section of 113 

11 [mm2], and spring elements made of steel with a stiffness of 2 [kN/m] at the support and 2.9 114 

[kN/m] at other locations. The structure contains two types of cables, non-continuous and 115 

continuous cables. Non continuous cables are cables composed of one segment and they end at the 116 

joints that define the segment. 117 

 A continuous cable is a cable that has at least one intermediate joint between its two end joints. 118 

Intermediate joints allow cable sliding (relative displacement between the cable and its 119 



intermediate nodes). Equilibrium equations of tensegrity structures with continuous cables were 120 

first derived by Moored and Bart-Smith [29] who called them clustered cables. 121 

 122 

  (a) 123 

 124 

  (b) 125 

Figure 1: Top view of (a) folded structure showing the numbering of mid-span nodes and (b) 126 

deployed structure connected at mid-span as well as x, y and z conventions. 127 

All continuous cables in the deployable tensegrity structure are actuated. The continuous cable 128 

ends located at the support are rolled and attached to drums. Continuous cable length is changed 129 

through winding or unwinding the cable on the drum. The actuators are DC motors. They rotate 130 

the drums where cables are winded with a reduction gear (1:256) and are used with a position 131 

control mode. The end nodes (where continuous cables are actuated) are placed on rail-supports. 132 



The orientation of the rail supports are indicated on Figure 2 and the supports are blocked in the 133 

three directions when the two bridge halves are connected and pre-stressed. 134 

 135 

Figure 2: Support orientation during deployment and mid-span connection 136 

Spring elements have a maximal length when the structure is folded. Deployment is controlled 137 

through increasing length of continuous cables and springs contribute since they progressively 138 

release their elastic deformation energy during deployment. The combination of continuous cables 139 

and springs is an actuation scheme that reduces the number of actuators required for deployment 140 

and has the advantage of actuators located only at the supports [27]. Current deployment takes 141 

approximately five minutes to be performed. Deployment speed was kept very low to avoid 142 

possible dynamic effects. No dynamic effects were observed and therefore, it is likely that a faster 143 

speed is possible. 144 

Excessive bending in struts when the structure is folded leads to a reduction of cable stresses from 145 

the design cable stress. Strut bending is due to joint eccentricities which were not modelled at the 146 

design stage. This effect was not observed with lower-scale physical models [23]. Compared with 147 

simulations cable stress reduction caused large deviations in nodal positions at the end of 148 

deployment 149 

The total span of this ¼-scale structure is 4 [m]. The empty space inside the structure is intended 150 

for a pedestrian deck. The serviceability design criteria of the structure include limiting the vertical 151 



displacement at mid-span of the structure when the two bridge halves are connected and pre-152 

stressed, as well as avoiding natural frequencies ranging from 1 to 4.5 [Hz]. Safety criteria involve 153 

limiting the internal forces below cable and spring tensile strength and below strut buckling loads 154 

when subject to ultimate load situations. The design study of the full-scale structure is presented in 155 

detail by Rhode-Barbarigos et. al. [27]. In addition, the authors have shown that the deployment is 156 

non-repeatable using the same control commands [23]. 157 

Figure 3 shows the mid-span connection prototype. This connection system consists of a cylinder 158 

with a cone shaped hole of 35 [mm] internal radius and a rod with a round head (See Figure 4). 159 

Both pieces are made of steel and are connected to the joints of the structure. In addition, they are 160 

supported by small springs in order to maintain their horizontal orientation. After successful control 161 

commands are applied, the connection pieces are locked together with a pin that is introduced 162 

manually for economic reasons. This design of the connection is a first prototype made in order to 163 

develop and then test an active control methodology. In addition, after all five mid-span 164 

connections are completed, the degrees of freedom in the joint shall be locked in order to prevent 165 

relative movements between the ends of both bridge halves at mid-span. These degrees of freedom 166 

cannot be eliminated for connection. A connection joint with shorter length is the subject of future 167 

work. 168 

    169 

(a) (b) 170 

Figure 3: Mid-span connection prototype, (a) before connection (b) after connection 171 

 172 



 173 

Figure 4: Section view of the cylinder with the cone shaped hole and the rod (See Figure 3 (a) 174 

and (b)) 175 

3. Numerical simulations 176 

Simulations of the structures are based on the dynamic relaxation method (DR) with kinetic 177 

damping by Barnes [30]. DR is a static analysis method in which the static equilibrium of a structure 178 

is calculated through solving a pseudo-dynamic problem using Newton’s second law of motion. A 179 

fictitious inertia is applied to the structure and the oscillation of the structure is tracked. Oscillation 180 

is progressively damped using kinetic damping. Kinetic damping involves calculation of the kinetic 181 

energy and detection of kinetic energy peaks. When a peak is detected, the algorithm restarts with 182 

the nodal positions of the structure at the kinetic energy peak. Wakefield [31] stated that DR has 183 

been used successfully for hundreds of tent structures design and its computational efficiency has 184 

recently been shown by Resaiee-Pajand et. al. [32] and by Senatore and Piker [33] for pin-jointed 185 

and frame structures showing non-linear behavior. Most modern analysis software packages 186 

include DR modules. DR allows cable slackening and provides the final form of the structure as 187 

part of the output. 188 

The influence of continuous cables on the mechanics of tensegrity structures was first described by 189 

Moored and Bart-Smith [29] under the term “clustered cables”. Bel Hadj Ali et. al. [34] proposed 190 

a modified dynamic relaxation algorithm that is able to include clustered cables. This study 191 

employs this algorithm.  192 



Quasi-static actuation is assumed since deployment of the structure is slow and therefore, the inertia 193 

of the moving mass is not needed in simulations. The effect of a sequence of cable length change 194 

on the equilibrium state of the structure is simulated by a sequence of static analyses. In 195 

simulations, joints are assumed to be dimensionless and frictionless. In addition it is assumed that 196 

the self-weight is distributed at the extremities of elements as point loads. 197 

A stochastic search algorithm is employed for obtaining initial control commands. The algorithm 198 

is called PGSL (probabilistic global search Lausanne) [35]. This algorithm searches for sets of 199 

better solutions assuming that they are in the neighborhood of previously evaluated sets of good 200 

solutions. The search process is guided by updating probabilities associated with regions of the 201 

solution space. 202 

Control of the active tensegrity structure is a form of inverse non-linear engineering task where 203 

there is no closed-form solution that links a given control objective and the corresponding control 204 

command is available. Stochastic search algorithms are useful for obtaining good solutions for 205 

inverse engineering tasks such as design, diagnosis and control when exhaustive search is not 206 

feasible. PGSL has already been used successfully for various control tasks for an active tensegrity 207 

structures (Domer et. al. [5], Adam and Smith [36] and Korkmaz et. al. [37]) and performed as well 208 

or better than simulated annealing and genetic algorithms for several complex optimization tasks 209 

[35]. During the search for good control commands, each solution generated by the PGSL 210 

algorithm is evaluated with a DR simulation. 211 

4. Symmetric and uniform topologies for mid-span connection 212 

Two topologies (Figure 5), uniform (a) and symmetric (b), are compared. The topologies differ in 213 

terms of connectivity of elements and paths of continuous cables. In the uniform topology, the 214 

orientation of the second half is the same as that of the first. In the symmetric topology, the second 215 

half is a mirror image of the first half about the mid-span. These two topologies are compared in 216 

terms of serviceability and deployment behavior. When the bridge is connected and pre-stressed, 217 

all support nodes are blocked in the three directions of translation. During deployment and mid-218 

span connection, support conditions are those indicated in Figure 2. 219 



 220 

(a) 221 

 222 

(b) 223 

Figure 5: Plan view of (a) uniform and (b) symmetric topologies showing the strut network and 224 

one of five continuous cables. 225 

All cable lengths and tensions are measured once manually on the structure when assembled. Cable 226 

lengths and tensions are used as input in DR simulations. Cable tensions are obtained from 227 

deformation measurements performed with a tool initially designed for estimation of tension in 228 

rigging cables of sailboat. When then the structure is deployed and prior to the first mid-span 229 

connection, the structure contains slack cables. 230 

Figure 6 shows simulated positions of mid-span nodes of both bridge halves for a uniform topology. 231 

The positions are given in the y-z plane (see Figure 1) at the moment before the first mid-span 232 



connection. Results shown in Figure 4 are nodal positions simulated for measured cable stresses 233 

and lengths. 234 

 235 

Figure 6: Simulated positions of the mid-span nodes after deployment for a uniform topology 236 

(Figure 5(a)). Simulated nodal positions are obtained according input values that are cable stresses 237 

and lengths measured after the assembly. 238 

The mid-span nodes of both bridge halves describe the vertices of a pentagon. The center of the 239 

bridge-half-1 pentagon is shifted to the negative side of the y-axis while the center of the bridge-240 

half-2 pentagon is shifted to the positive side of the y-axis. The maximum distance between mid-241 

span nodes is 750 (mm). Such a distance, see Figure 6, creates a difficult mid-span connection 242 

challenge. 243 

Unlike the uniform topology, simulation results show that centers of both bridge halves pentagons 244 

are shifted on the same side of the y-axis (Figure 7). This behavior is due to the symmetry of both 245 

bridge halves. 246 



 247 

Figure 7: Simulated positions of the mid-span nodes after deployment for a symmetric topology 248 

(Figure 5(b)). Positions are calculated according to measured cable stresses measured at the 249 

moment before mid-span connection. 250 

Figure 8 shows simulated (according to measured cable stresses) and measured positions of mid-251 

span nodes of the first bridge half. Figure 8 shows the discrepancy between simulations and 252 

measurements. This is likely due to the presence of joint eccentricities and friction on the near full-253 

scale structure that is not modelled in the simulation. Measured values in Figure 8 show that the 254 

center of the pentagon is also shifted on the negative side of the y-axis. In addition, there is also a 255 

vertical shift. 256 



 257 

Figure 8: Position of mid-span nodes of the first bridge half determined by simulation (according 258 

to measured cable stresses) and direct position measurements 259 

Table 1 shows the distance determined by simulation and measurements between mid-span nodes 260 

at the moment before mid-span connection. The distance along the x-axis is close to zero for the 261 

first mid-span connection. All other mid-span connection nodes have larger distances between 262 

them, particularly those of mid-span connection 3, 4 and 5 that are the lowest elevation nodes. This 263 

effect is due to the self-weight. This shows that a simultaneous connection is not a good strategy 264 

since a contact of the top of both bridge halves occurs before the distance between lowest elevation 265 

nodes is reduced. 266 

 267 

 268 

 269 

 270 

 271 

 272 



Table 1: Distances [mm] determined by simulation and measurement between mid-span nodes of 273 

both bridge halves at the moment before mid-span connection 274 

Node 
Assessment 

type 

distance 
along x 

axis 

distance 
along y 

axis 

distance 
along z 

axis 
distance 

[mm] 

1 Simulation 25 -8 38 46 
Measurement 31 33 -30 54 

      

2 Simulation 30 1 57 65 
Measurement 113 30 35 122 

      

3 Simulation 208 24 60 218 
Measurement 346 61 30 353 

      

4 Simulation 235 32 25 238 
Measurement 366 64 10 372 

      

5 Simulation 239 15 13 240 
Measurement 326 52 -15 330 

 275 

Simulated static and dynamic characteristics of the uniform and symmetric topologies are given in 276 

Tables 2 and 3. Static and dynamic characteristics of the two topologies are compared since Rhode-277 

Barbarigos et. al [27] identified stiffness related characteristics as critical design criteria. Natural 278 

frequencies are calculated based on a linearized dynamic model that is valid around equilibrium. 279 

The formulation of the stiffness matrix that takes into account mechanics of the continuous cables, 280 

is the one derived by Moored and Bart-Smith [29]. Table 2 shows the simulated vertical 281 

displacements of the mid-span nodes due to a service load for the uniform and symmetric 282 

topologies. Vertical displacements of the symmetric topology are smaller than those of the uniform 283 

topology except at node 4. 284 

 285 

 286 

 287 

 288 



Table 2: Simulated vertical displacements of the five mid-span nodes subjected to service loading 289 

Vertical displacement (mm) 

Node number Uniform topology  Symmetric topology 

1 9 9 

2 -5 -4 

3 -10 -9 

4 -10 -12 

5 -7 -2 

 290 

Table 3 shows that the simulated values of the first five natural frequencies are nearly the same for 291 

both topologies. The uniform and the symmetric topologies have similar serviceability behaviors. 292 

However, they result in different offset distances between mid-span nodes when measured cable 293 

stresses are considered. Thus, a symmetric topology is selected since it shows better performance 294 

for the mid-span connection. 295 

Table 3: Simulated first five natural frequencies of a footbridge with uniform and symmetric 296 

topologies 297 

Natural frequency (Hz) 

Uniform topology  Symmetric topology  

7.4 7.3 

9.5 9.6 

10.3 10.3 

12.3 12.0 

12.8 12.3 

 298 

5. Computational control for mid-span connection  299 

This section describes the strategy for the connection at mid-span of the two bridge halves. No 300 

solution could be found for a simultaneous connection of all five mid-span joints since the distance 301 



between mid-span node pairs is non uniform. Thus, a sequential strategy for mid-span connection 302 

is studied, where each node is connected in series. 303 

Figure 9 shows the flowchart of the control methodology for each mid-span connection. The initial 304 

control command (Figure 10) is applied incrementally on the structure so that no cable length 305 

change exceeds 10 [mm] during each increment. The position of the two mid-span nodes is 306 

measured after the application of each increment of the control command. The connection is 307 

performed when the distance between nodes is less than or equal to the length of the mid-span joint. 308 

If all increments have been applied and the connection cannot be done, the additional control 309 

command search starts (Figure 11). The number of additional control command required for one 310 

mid-span joint is not pre-defined and depends on nodal position measurements. In order to return 311 

to the cable length configuration prior to additional control command application, the sequence of 312 

additional control command is applied in the reverse order after the connection is locked. This 313 

process prevents the real cable lengths to deviate too much from the simulated lengths. 314 



 315 

Figure 9: Flowchart of the control methodology for executing mid-span connection using real-time 316 

node-position measurements 317 

Figure 10 shows the flowchart for computing initial control commands for each mid-span 318 

connection. Assuming that the length change of active cables is between -30 [mm] and 80 [mm] 319 

for the first mid-span connection, each cable can take 12 positions. Cable length changes smaller 320 

than 10 [mm] result in non-significant nodal position changes. The size of the solution space is thus 321 

1210 = 6.2 1010 which corresponds to the number of combinations. Such a large solution space 322 

justifies the use of a stochastic search algorithm. 323 



 324 

Figure 10: Flowchart for computing initial control commands using dynamic relaxation 325 

The variables of the stochastic search (PGSL) are the length changes of the ten active cables in 326 

both halves. Quasi-static simulations are performed to compute the positions of mid-span nodes 327 

for each solution (control command). These simulations are calculated with the dynamic relaxation 328 

algorithm under the assumption that joints are dimensionless and frictionless. The evaluation of 329 

each solution is based on the distance between a pair of mid-span nodes estimated according to the 330 

simulation result. The mid-span connection control task is stated as follows.  331 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �∆𝑦𝑦2 + ∆𝑧𝑧2
2 + 𝑝𝑝1 + 𝑝𝑝2                [1] 332 

Subject to constraints: 333 

��∆𝑦𝑦2 + ∆𝑧𝑧2
2 − 30� < 0                   [2] 334 

�∆𝑥𝑥 − 𝐿𝐿𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗� < 5                   [3] 335 

When constraint [2] is not satisfied, a penalty value 𝑝𝑝1 is added following equations [4]. 336 



𝑝𝑝1 = 10 ∙ �1 + ��∆𝑦𝑦2 + ∆𝑧𝑧2
2 − 30��                 [4] 337 

Similarly when constraint [3] is not satisfied, a penalty value 𝑝𝑝2 is added following equations [5]. 338 

𝑝𝑝2 = 10 ∙ �1 + �∆𝑥𝑥 − 𝐿𝐿𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗��                  [5] 339 

In these equations, ∆𝑥𝑥, ∆𝑦𝑦 and ∆𝑧𝑧 are the distances in [mm] along the x, y and z axes between the 340 

two joining nodes. The values 𝑝𝑝1 and 𝑝𝑝2 are penalty values applied when constraints are not 341 

satisfied. The constant 𝐿𝐿𝑗𝑗𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖 is the length of a mid-span joint and the values of 5 and 30 [mm] in 342 

equations [2] and [3] are tolerance values related to the geometry of the mid-span joint prototype.  343 

Figure 11 show the evolution of the objective function when computing the initial control command 344 

for the second mid-span joint. Solutions found before 100 iterations do not satisfy the constraints 345 

and results in a large objective function value.  346 

 347 

Figure 11: Convergence curve of the objective function value when computing the initial control 348 

command for the second mid-span joint. 349 

After the stochastic search, the mid-span nodes are linked in the simulation model according to the 350 

best solution found. The configuration of the structure with the new mid-span connection is 351 

computed by dynamic relaxation. This configuration of the simulated structure is used as an input 352 

for the computation of the next mid-span connection. When an initial control command is applied 353 



on the near full-scale structure, the distance between the two parts of the joints is reduced and for 354 

mid-span joints 1, 2, 4 and 5, the rod enters inside the hollow cylinder. 355 

In the case where initial control commands do not result in a successful connection, additional 356 

control commands are required. The additional control command search is based on node position 357 

measurement after application of active cable length changes. Nodal positions are measured using 358 

an optical tracking system that captures the position and orientation of markers attached to the two 359 

parts of the mid-span joints. The search for additional control command starts by checking the 360 

distance between nodes (Figure 12). 361 

If the remaining distance along the x-axis between both connection pieces is less than 10 [mm], the 362 

centering of the rod connection piece is checked in order to ensure that the rod will enter inside the 363 

cone hole of the cylinder connection piece. Depending on the remaining distance between 364 

connection pieces and centering (geometric criterion), the additional control command is the length 365 

change of either one or two active cables. In the case of two active cables, there is one cable on 366 

both halves and they end at the same mid-span connection. Therefore they are called pairs of 367 

symmetric cables, see Figure 12. 368 



 369 

Figure 12: Additional control-command-search flowchart 370 

Aside from the fact that the additional control commands consist of one or two active cables, the 371 

search process is the same. First a 10 [mm] length change of one or two active cables is applied 372 

and the effect on the distance between connection pieces is measured. A cable length change of 10 373 

[mm] results in a relative position change between the two parts of a mid-span joint that do not 374 

exceeds 5 [mm] in the y and z plan (see Figure 3.1). Using small cable length changes prevent 375 

situations where a back process is required when alignment is not satisfied. 376 

Then a reverse cable length change is applied and another active cable or pair of symmetric cables 377 

is tested. This three step process is repeated for all single cables or pair of symmetric cables. The 378 

active cable or the pair of symmetric cables resulting in the smallest connection distance is selected 379 

as the additional control command. 380 



Figure 13 shows the length change of active cables of each bridge half for the five mid-span 381 

connections. The initial control commands are searched using measured values of cable lengths 382 

and stresses obtained once following assembly of the structure. They are shown in black and the 383 

additional control commands in grey. 384 

Figure 13 shows the length changes of active cables of each bridge half for the five mid-span 385 

connections. The initial control commands are shown in black and the additional control command 386 

in grey. Results in Figure 13 indicate that control commands follow similar patterns for both halves 387 

of the footbridge. For each mid-span connection event, active cable length changes are always of 388 

the same sign for each pair of active cable (active cable 1 in bridge half 1 and active cable 1 in 389 

bridge half 2). However, the magnitudes of cable length changes are not always the same. The 390 

differences between cable length changes applied for the mid-span connection of the two bridge 391 

halves is explained by differences between the two bridge halves. The vertical position of the five 392 

supports is 35 [mm] higher on Bridge Half 2 than on Bridge Half 1. This difference could be 393 

representative of construction error or settlement of a support. 394 

The difference in support height is taken into account in DR simulations. Cable lengths of both 395 

bridge halves are set to be the same. However a +-1 [mm] measurement error when length of the 396 

cable is set is likely to occur. This error would be less significant on a full-scale structure since the 397 

element length would be four times larger while cable length set error would likely stay the same. 398 

Support-height differences and inaccuracies of cable-length settings mean that the two bridge 399 

halves do not have identical initial control commands. 400 



 401 

Figure 13: Initial (Figure 10) and additional (Figure 12) control commands of each bridge half for 402 

the five mid-span connection events  403 



The first mid-span connection is successfully executed without requiring additional control 404 

commands. The second and third connections require additional control commands. The fourth 405 

mid-span connection is successfully executed without requiring additional control commands 406 

while the fifth connection requires a few additional control commands. 407 

Additional control commands are required when simulations deviate from the real behavior of the 408 

near full-scale model. According to Figure 13, discrepancies between the real behavior and 409 

simulations increase from the first mid-span connection to the third one. After the third mid-span 410 

connection, that is the mid-span connection event that requires the most additional control 411 

commands, discrepancies are reduced. 412 

A minority of mid-span connection events are successfully executed without requiring additional 413 

control commands. This is due to the joint eccentricities and friction effects that are neglected in 414 

the simulations. Despite the simplifying assumptions of the simulation, initial control commands 415 

provide good initial solutions that are successfully completed with additional control commands. 416 

The additional control commands are efficient since they are based on real-time nodal position 417 

measurements. 418 

Figure 14 shows a top view of mid-span connection events. The offset distances between 419 

corresponding mid-span nodes can be seen in Figure 14. The distances between lower mid-span 420 

nodes are more than those at the top because of the deformation due to self-weight. In addition, the 421 

deviation between mid-span nodes become larger after mid-span connection 2 is carried out. After 422 

each mid-span connection, the behavior of the footbridge changes. 423 



 424 

Figure 14: Top view of mid-span connection events 425 

6. Discussion 426 

A uniform topology would have been an attractive choice without observation of nodal positions 427 

of the structure in the deployed state. The advantages of the symmetric topology are only visible 428 

after performing tests on a near full-scale structure. 429 

Although a previous study by the authors [23] has shown that the deployment behavior cannot be 430 

modelled with the assumption of dimensionless frictionless joints, modelling of joints is time 431 

consuming. Work that attempted to model joint more accurately lead to excessive computation 432 

time and only small accuracy improvements. Control command search is associated with a long 433 

execution times since quasi-static simulations are performed in order to evaluate each stochastic 434 



solution. This research has shown that combining simplified computational control (involving 435 

simulation of the structure based on simplifying assumptions related to joint dimension and 436 

friction) with real-time measurements of the structural response leads to successful outcomes. 437 

The use of real-time measurements of the structural response is a strategy that is also justified since 438 

the nodal position varies from one instance of deployment to another. Additional control commands 439 

are searched again at each instance of connection of the two bridge halves in order to accommodate 440 

the non-repeatability of deployment. However this process is slow and a strategy to re-use previous 441 

additional control commands is a subject of future work to improve the mid-span connection 442 

process. In addition there are cables that remain slack after connection of the five mid-span joints. 443 

Finding control commands for pre-stressing the whole structure after the connection at mid-span 444 

is also a subject of future work. 445 

Implementation of this active deployable tensegrity structure at full-scale would involve challenges 446 

related to unknown environment conditions. Temperature effects will have an effect on the self-447 

stress of the structure and thus modify its deployment behavior. Such changes in external 448 

conditions further justify the need for active control. 449 

This study contributes to advancing the field of active tensegrity structure primarily since few full-450 

scale structures have been built and tested. The active-control methodology is an extension of static 451 

control to large shape changes that are necessary for deployment. In addition this structure includes 452 

several special features, such as active cables that are continuous over joints, spring elements and 453 

rail supports, that facilitate deployment. It is expected that a full-scale implementation of a complex 454 

deployable structures would benefit from at least one of these features. 455 

7. Conclusions 456 

Symmetric topologies lead to successful mid-span connection of ring-module tensegrity 457 

footbridges. Symmetric and uniform topologies have a similar serviceability performance in terms 458 

of mid-span displacement and natural frequencies. Active control strategies provide effective 459 

solutions for mid-span connection. Initial control-command solutions generated using simulations 460 

that include assumption of dimensionless and frictionless joints are not accurate enough to 461 

complete all five physical mid-span connections. Additional control search leads to successful mid-462 

span connection. Additional control commands are determined successfully through nodal position 463 

measurement on the structure in real-time. 464 



Future work will involve designing a robust control methodology to speed up mid-span 465 

connections, to pre-stress the structure after connection and to accommodate changing 466 

environments, damage and in-service response. 467 
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List of figure captions 582 

Figure 1: Top view of (a) folded structure showing the numbering of mid-span nodes and (b) 583 

deployed structure connected at mid-span 584 

Figure 2: Mid-span connection prototype, (a) before connection (b) after connection 585 

Figure 3: Plan view of (a) uniform and (b) symmetric topologies showing the strut network and 586 

one of five continuous cables. 587 

Figure 4: Simulated positions of the mid-span nodes after deployment for a uniform topology 588 

(Figure 3(a)). Positions are calculated according to measured cable stresses measured at the 589 

moment before mid-span connection. 590 

Figure 5: Simulated positions of the mid-span nodes after deployment for a symmetric topology 591 

(Figure 3(b)). Positions are calculated according to measured cable stresses measured at the 592 

moment before mid-span connection. 593 

Figure 6: Position of mid-span nodes of the first bridge half determined by simulation (according 594 

to measured cable stresses) and direct position measurements 595 

Figure 7: Flowchart of the control methodology for executing mid-span connection using real-time 596 

node-position measurements 597 

Figure 8: Flowchart for computing initial control commands using dynamic relaxation 598 

Figure 9: Additional control command search flowchart 599 

Figure 10: Initial (Figure 8) and additional (Figure 9) control commands of each bridge half for the 600 

five mid-span connection events 601 



Figure 11: Top view of mid-span connection events 602 
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