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Civil Engineering Institute (1IC), Swiss Federal Institute afchnology Lausanne (EPFL), Lausanne, Switzerland

Tensegrity structures are pin-jointed assemblies of strat and cables that are
held together in a stable state of stress. Shape control is a ambination of
control-commands with measurements to achieve a desired fom. Applying shape
control to a near-full-scale deployable tensegrity strucire presents a rare opportunity
to analytically and experimentally study and control the ffcts of large shape changes
on a closely coupled multi-element system. Simulated cabkength changes provide
an initial activation plan to reach an effective sequence foself-stress. Controlling
internal forces is more sensitive than controlling movemés through cable-length
changes; internal force-control is thus a better objectivehan movement-control for
small adjustments to the structure. The deployment of a tersgrity structure in previous
work was carried out using predetermined commands. In this pper, two deployment
methods and a method for self-stress are presented. The rstmethod uses feedback
cycles to increase speed of deployment compared with implerantation of empirically
predetermined control-commands. The second method consiss of three parts starting
with a path-planning algorithm that generates search treest the initial point and the
target point using a greedy algorithm to create a deploymentrajectory. Collision and
overstress avoidance for the deployment trajectory invodvchecks of boundaries de ned
by positions of struts and cables. Even actuator deploymentollowed by commands
obtained from a search algorithm results in the successfulannection of the structure
at midspan. Once deployment at midspan is achieved by eithemethod, a self-stress
algorithm is implemented to correct the position and elemenforces in the structure
to the design con guration prior to in-service loading. Mod cation of deployment
control-commands using the feedback method (with twenty cgles) compared with
empirically predetermined control-commands successfujl provides a more ef cient
deployment trajectory prior to midspan connection with up & 50% reduction in
deployment time. The path-planning method successfully embles deployment and
connection at midspan with a further time reduction of 68% copared with the feedback
method (with twenty cycles). The feedback control, the patiplanning method and the
soft-constraint algorithm successfully lead to ef cient @ployment and preparation for
service loading. Advanced computing algorithms have potetml to improve the ef ciency
of complex deployment challenges.
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Sychterz and Smith Control Strategies for Deployable Tensegrity Structure

1. INTRODUCTION with a process called EXTEND, from an origin with vertices. In
large search spaces, the random search quickly explores tte spa
Many deployable structures today, such as retractable roofghere the Voronoi regions are tessellations originatingnfra
(Gantes et al., 1989; Akgun et al., 2pldnd spacecraft seed point. The probability of a vertex being selected for the
appendagesHellegrino, 1995; Liu et al., 20ldeploy along EXTEND process is proportional to the area of the Voronoi
one-degree of freedom. Tensegrity structures are lighighte region using a greedy algorithm. This tree growth is conéidu
and deformable structures that are useful in applicationshsucand navigates around boundaries by comparing the position of
as at roofs (Csolleova, 2092 oors (Fest et al., 2004; Motro the new point with the limitations of the model.
et al., 200§ shells Ekelton et al., 200Q;Land towers &chlaich, Using the methodology of RRT connecXy( et al., 2014
20093. These structures are composed of bars in compressiavo search trees are created, one at the current position and
surrounded by a network of cables in tension to maintain 8gb  one at the target position. The goal is to nd the path between
(Pellegrino and Calladine, 1986; Motro, 2011; Snelson,)2013wo con gurations, which is discretized into a sequence of
Since members are closely coupled, they provide opportunitieson gurations for the collision avoidance. The search spiace
for testing advanced control algorithms for deploymesti(tan  |led with vertices starting from these two origins until the
and Skelton, 2003 Tensegrity structures require self-stressirees meet and |l the entire search space, a process is called
otherwise the structure is unstable due to mechanisBishenk CONNECT. RRT-CONNECT continues to expand the two trees
et al., 200). In order to control the structure, either struts until either a boundary is contacted or con guration of the
(Averseng and Dubé, 2012; Amendola et al., J0dricables current step is achieved. At this point, roles of the two trees
(Sultan, 201yhave been actuated for shape control. swapped to allow both trees to extend into the search space- Path
Experimental testing of a near-full-scale multi-moduleplanning is successful when vertices from the initial andyar
hollow-rope pedestrian bridge, originally proposed biotro  positions are connected while remaining in the search space.
et al. (2006) has established that deployment with continuous Shape control of tensegrity structures is a challenge due
cables was feasiblgduve et al., 20)5In the rst deployment to factors such as friction e ects at nodes. These e ects were
stage, it was observed that empirical deployment resulted iaccommodated using the minimum-time method to optimize
large variations in end-node coordinates. In a second stagsimulated structural control ldrich and Skelton, 2003 As
control feedback, proposed Byeuve et al. (2016has enabled the scale and degree of movement in a tensegrity structure
subsequent control-commands that join the connector nodeincreases,Rie el et al. (2009)and Rhode-Barbarigos et al.
and ensure successful locking of the two halves. Althoug(2010b)observed that challenges associated with construction
control cases were reused byuve et al. (2017or faster and of the nodes connecting struts and cables also increasedeThe
e ective control during midspan connection, the deploymentchallenges often increased the dierence between simulated
trajectory was often uneven, thus limiting e orts to further and measured deployment behavior. Deployment of a near-full-
reduce deployment time. scale tensegrity structure without signi cant end-node piosi
Sultan and Skelton (200presented work of a deployment variation has not been possible in the laboratoxe(ve et al.,
trajectory close to the equilibrium manifold of a small-scal 2016, 201) It is therefore unlikely that a similar full-scale
tensegrity tower approximately 40 [cm] talRhode-Barbarigos structure in service would be able to achieve repeatable degplo
et al. (2010a)developed a deployment-path space to avoichodal positions. This provides an opportunity to develop and tes
strut contact of a pentagonal modular tensegrity structuratt algorithms that accommodate such variation.
deploys along several degrees of freedom. An improvement by An adaptive modular tensegrity structure was used to study
Bel Hadj Ali et al. (2011pn the uidity of control involved the  control commands for small de ectionsDomer and Smith,
use of actuated continuous cables. This reduced the number 2005. Hierarchical selection for multi-objective shape cohtrb
actuators required for e ective control as had been proposed bgn adaptable tensegrity structure Aylam and Smith (200&has
Moored and Bart-Smith (2009) employed objectives sequentially to reduce the solutiomnisgit
When a trajectory is uncertain, path planning algorithms suchone solution remained. Strategies such as multiple-limiecia
as rapidly exploring random trees (RRTH( ner and La Valle, decision-making have not yet been studied for deployment
2000, including a quick-convergence extension called RRT statontrol algorithms.
(RRT*) (slam et al., 2012 for example, support navigation of ~ Soft constraints are limits that can be relaxed should
a search space around obstacles. This algorithm is applied fhe deviation from that limit show overall improvement to
robotics such as work byharpatara et al. (2017pr aerial performance of the systemTgnrikulu et al., 199) Hard
vehicles in 3-D space for a near-optimal trajectory. RRT* wasonstraints cannot be relaxed. A combination of hard and sof
applied for path planning Xu et al., 201¥and for simulation constraints has been used for multi-modulus blind frequenc
of structural control. No experimental application of the RRTanalysis fbrar et al., 2005; Akande et al., 201k the eld of
algorithm on a physical tensegrity structure has been found.  structural engineeringmith and Boulanger (1994xplored the
The RRT path-planning algorithm simulates movement of theuse of soft constraints for structural design decision mgkin
tensegrity structure Ashwear and Eriksson, 20)l Boundaries This paper describes a novel methodology for deployment
of the search space are de ned by the location of struts tochvoiof a near-full-scale pedestrian bridge. Development of a
element contact and the resulting unwanted bending forBasic ~ feedback control method of deployment is proposed to adjust
RRT algorithm lIs the search spack({ ner and La Valle, 200D  predetermined control commands based on variation between
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measurements and simulation. Then, a description is presentenotors through winding and unwinding of cables onto drums at
of a path-planning method involving sequential implementatio the supports. The structure is kinematically indeterminatel a
of the following three stages for deployment: (i) use of a pathstable under self-stress.

planning algorithm, (ii) even deployment of all cables, and Each pentagonal ring module has fteen springs, twenty
(i) feedback-based midspan connection. Finally, a formtioh  discontinuous cables, thirty struts, and ve continuoudiee

of a stress control method provides the primary optimizationcables. Struts are 1.35 m long, 28 mm in diameter, and 1.5¢k thi
criterion for shape control and movement. For self-stress, &355 steel tubes. Cables are stainless steel 3 mm in diandter
multi-criteria strategy is proposed to ensure desired shapk arbraided. Steel springs are less sti at the supports (2.0 kNfrapt
axial forces in elements. Two algorithms, soft-constraand  in the rest of the structure (2.9 kN/m).

hard-constraint, are evaluated by simulating self-striesthe Figure 3shows ve degrees of movement: overall lengthening,
tensegrity structure after deployment. helical rotation, constriction, translational movemenand
vertical movement. Length change of the structure is gdedra
2 EXPERIMENTAL STUDY by the extension and retraction of continuous cables ruignin
through the structure. Continuous cables are connected to
2.1. Tensegrity Structure nodes that form an arc that avoid acute angles formed at

The topology shown irFigure 1is called a “hollow-rope” and it joints. This causes the structure to rotate and the diaméger
was proposed biylotro et al. (2006¥or a pedestrian footbridge. reduce throughout the deployment process. To accommodate
The analytical model of the structure does not include thekde this change in diameter, the supports of the structure are place
At full-scale, the center opening of the 16 m-long bridge wouldon rails (Veuve et al., 20)5
be large enough for pedestrian tra c. The structure used foe t De ection at midspan is due to self-weight of the structure.
experiment takes advantage of a closely-coupled multi-elemegontrol for one of these movements does not produce repeatable
con guration that deploys along several degrees of freedom.  outcomes for the other types of movement. E ective feedback
Figure 2 shows a 1/4-scale tensegrity structure from aboveontrol is achieved when each degree is controlled expglicith
in a folded state before deployment (a) and after deploymerthe tensegrity structure, the end-node 3D coordinates foe o
and connection at midspan (b). Numbers correspond to thedridge half are monitored using optical tracking equipment.
continuous (active) cables that move the structure. Numdbier The deployment and connection of two halves are ensured by
active cables is determined by the topology of the tensegritgctive cables ( ve for each side). Deployment is aided bygner
structure, which is a pentagonal “hollow rope¥¢tro et al., stored in springs. Dynamic relaxation is employed for form-
2009 and therefore, ve active continuous cables per half of thending and static analysis. Five continuous cables run altre
structure were installed. Springs, electromagnets, antimoous ~ length of each half and slide through channels at nodes tleaéw
cables are labeled. The structure is 4 m long and each brialje hassumed to be frictionless connections until further impeoment
weighs 100 kg. to the dynamic relaxation algorithm is presentedigchterz and
Self-weight of the structure causes a de ection such thit it Smith (2017)andBel Had] Ali et al. (2017)
necessary to connect node pairs sequentially. A discontiasuo A program has been developed to control cable length
cable is a segment of cable that mechanically joins two nodeshanges. PGSL and DR have been included in the program
A continuous cable has at least one intermediate slidingaxin to evaluate stresses and position from cable length changes.
point along its length between its terminal nodes. All contius ~ Without the presence of self-stress, a tensegrity structurdavou
cables start from motors at the support nodes and end amot be stable under service loading. Two properties that
the midspan nodes. Actuation of the structure originatesrfro describe tensegrity structures are the number of self sstses
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FIGURE 1 | Side (A) and front (B) views of tensegrity footbridge. Deployment of the structwe (C) is shown in three stages.
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FIGURE 2 | Top view of the tensegrity structure beforgA) and after (B) deployment and connection at midspan using electromagnetsActuation is facilitated by
continuous cables and springs on each half of the structureGredit: IMAC, EPFL].

and the number of in nitesimal mechanisms”¢llegrino and in cables for stability. Relaxing stress on cables of theciire
Calladine, 1986 The near-full-scale tensegrity structure has nomakes a mechanism possible for folding and deployment
in nitesimal mechanisms and six independent states of selfeperations Pellegrino, 1990 Strain gauges and motor control
stress. data are collected by direct wiring to a National Instruments
PXI NI 1042Q machine running Windows 7 Enterprise. LabView
. 2015 32-bit collects data from the PXI machine and the position
2.2. Measurement Equipment tracking information through IP. Feedback control uses Matl
Measurement equipment for both position tracking and elemenR013a within the LabView code for calculation. Results of
strain are used for this work: optical-tracking markers oe #nd-  ca|cylations determine control commands for the actuators

nodes, with load cells on continuous cables, and strain @augThis equipment is thus con gured for e cient closed-loop
on cables and struts. A motion-capture system by OptiTfack ¢ontrol.

used eight Prime 18 cameras installed on the supports of the

structure. These cameras tracked 3-dimensional positioth an

rotation of the ve end-nodes of the module with submillimeter 2.3. Midspan Connection

precision. The optical-tracking system clearly is capable ofhe initial midspan connection accounted for variation arro

measuring vibration e ects of the structure and small cable-associated with the deployment of the tensegrity structuregisi

control commands. The software used to collect positionkirg  a particular actuation sequence. On the west half of the &irac

information is called Motive 1.10.0 and is running on a maahin (see Figure 2), midspan nodes had a cone with an internal

with Windows 7 Enterprise. Information is sent through IP. diameter of 60 mm, which is the maximum variation in end-
To capture forces in the continuous cables, HBMIO [kN]  node position that was observed Bguve et al. (2015A pin was

1 [mV/V]load cells were installed at the end-nodes of theleab attached to each midspan node on the east half of the structure

Installed on the discontinuous cables and struts were ({8880  and placement of a small rod through cone and pin locks a node

. 0.35 % strain gauges. Tensegrity structures require stresmether.
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3.1. Feedback Method Compared With
Empirically Predetermined Control

Commands

Feedback for midspan connection that was previously developed
by Veuve et al. (2015used measurements. Simulation of
the deployable tensegrity structure did not include sliding
friction of continuous-cables over joints and uncertaggidue

to construction. Deployment control-commands are carried ou
while avoiding strut contact and over-stressing of elements
Cable-length changes are a maximum of 5 [cm] per control
command.

A sensitivity analysis is executed to study e ects of the numbe
of feedback cycles on deployment. Change in overall stractur
length is used for testing feedback cycles are 1 [cm], 2 [8m],
[cm], 20 [cm], and 50 [cm] corresponding to 160, 80, 20, 8, and
4 cycles. The rsttwo lengths for the feedback cycle are toalls
given the variation in position of each of the ve end-nodestod
FIGURE 3 | Front (A) and side (B) views of translations, vertical, longitudinal structure. The greatest improvement in deployment is obsérve
movements of the deployable tensegrity structure. The skeh does not show between the overall structure Iength change between 50 [cm]
the gffect of gravity ar‘ulj translational movement of the sen due to and 8 [cm] which corresponds to four-cycle and twenty-cycle
continuous cable positions.

feedback processes.
The empirically-determined deployment cable-length change
lengths of cables at di erent rates in order to avoid strut tawot
This pin and cone connection system is replaced with ar@nd bending of the struts. Prior to midspan connection, thaln
electromagnet and receptor disk. The 45 mm diameter and 280 [cm] of cable lengthening is carried out uniformly from al
mm thick cylindrical Kuhse GTo 65.50 electromagnet has &ctuators. When these commands are used with the feedback
tension capacity of 1 kN. The receptor disk is plain steel of thé&ethod, measurements are compared with simulation values
same diameter and thickness as the electro-magnet. Usimg tfor the same length of cable relaxation at the break in each
same node construction as the previous system, both magudet afycle.
receptor disk are mounted on a two-dimensional rotationeyst ~ Since there are empirically-determined commands and
of platesFigure 4 shows the electromagnets at end-nodes of th@revious behavior of the structure is known, the feedback
tensegrity structure halves prior to midspan connection @} a method is similar to PID control discussed bystrom and
after midspan connection (b). The angle of rotation is linditey ~ Hagglund (1984)and Han (2009) PID control was chosen

adjusting screws so that electro-magnets and receptor disks due to its long-standing usefulness and e ciency for closed-
aligned. loop control of large structures. No ne adjustment of PID

setting was required since no control loop was faster than

approximately 10 s. Equation (1) shows the adjustment factor
3. TESTING METHODOLOGIES (Epk;i) for each end-nodei) between measurementsy( ;) and
o . simulated positions fgx;) of the current deployment stefk.
PreTentfedhlnthlswork a;e thl;gz contrpl plhazes ;’;mdthe nlawpect When step number[iiss greater thak D 1, the adjustment
?hoeas 0 tt e terr:segntyh ootbri fgel.I F;}rstyl,q ep O)frrrrw]entones ) factor, Eyy;, is the mean ofEy; and Epy 1; (Equation

grea est_ shape change of a the phases. The next p ?’Adjustment factors are limited to twice the cable-ldngt

self-stress, is |m_portant_ once th(_a two halvgs Qf the S_mmturchange shown in the empirically-determined set of control
are connected since this determines behavior in servidé. Secommands
stress sets the structure in an optimal con guration withpest

to geometric and internal forces. In the last phase, the goals

. - S 8 9
are to ensure that internal forces are within elastic linatsd ; i
; . 3 Pvki  Pski kD 13
that structural de ections are acceptable. This paper focoses _ PV Ki ! -
control algorithms for the rst and second phases, deployment Eoki D 2 Epk 1 C’Epki 3 1)

and self-stress. ifk> 1
Control-commands, that which moves the tensegrity
structure, are governed by the minimization of a cost fuoti This process was repeated for each global coordinate direction
based on maximum element forces and minimal nodal distances (longitudinal), y (translational), andz (vertical), and tension
between design and deployment. The algorithm for ndingin each continuous cableE(;), shown in Equation (2). The
control-commands includes a stochastic-search methodadjustment factorf, ;) for each end-node)f between measured
Probabilistic Global Search Lausanne (PGSL), and dynamiension valuesyy ;) and simulated tension valuesdy;) of the
relaxation (DR). current deployment stegk. When step number is greater than

-5
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FIGURE 4 | Electromagnets at end-nodes of the tensegrity structure hizes prior to midspan connection(A) and after midspan connection(B).

k D 1, the adjustment factoi,;, is the mean of,x; and Since the elements move in space and relative to each other
Euk 1j- during deployment, the path is discretized into a sequence
of intermediate steps for collision and over-stress avoidanc
8 9 For each step, an initial point and a target point are de ned
3 Umki  Uski i kD 1§ as well as the search space populated with points de ned by
E.D UM ki ) yoron0| regions of the search space. A sensitivity analysis
" 3Rk i CRiki 2 is completed for the number of steps of the RRT*-connect
T ¢ ifk> 1 algorithm where the distance to the next point in the tree,

is a maximum value of 5 [cm]. This value is con rmed by the
3.2. Path-Planning Method increment determined for the sensitivity analysis for thedieack
The path-planning method consists of three parts, the pathalgorithm.
planning algorithm (RRT*-connect), even cable-length change Collision and overstress avoidance of nodes that are not
and feedback searcfiable 1 shows the overall length of the end-nodes, called interior nodes, restrict movement to the
structure during deployment and the stages used in this meétho deployment trajectory of end-nodeg&igure 5A). The rectangle
The rst stage using RRT is applied to the structure from thede nes the outer most boundary of the search space. Depth of
folded state to 100 [cm] length, a position that no longer isisikt  the 2D-section shows path around boundaries possible in three
for element collision. The overall length to end RRT*-cortnecdimensions. Trees grown from the initial interior node toeth
is determined by measurement and simulation to ensure strutarget interior node are shown in black and gray respectively
elements do not risk contact following subsequent commandsControl commands of all active cables are the variables ef th
Next, all cables are deployed evenly until approximately 18 [c RRT*-connect algorithm and the objective is expressed as the
which is near midspan connection. The overall length to erel th Euclidian coordinates of the end-nodes. Variables andatijes
even deployment of active cables is until the rst node pair isare related by applying cable-length changes of the control
within approximately 5 [cm] of connection and this is measuredcommands to the dynamic relaxation model of the tensegrity
from tests. Lastly, the feedback search connects end-mbdash  structure to nd new nodal positions.

half of the tensegrity structure sequentially. The tree is extended from the start point by adding a new
vertex in an optimal direction based on the search space using

3.2.1. Simulation of the RRT*-Connect Algorithm for a greedy algorithm at a maximum radius from the current verte

the Tensegrity Structure In Figure 5B a new successful pointjhew, added to the tree

The following section presents the simulation of the RRT*<connected tajhear The new point is in the optimal directiorg,
connect algorithm developed for the deployable tensegritpt a distance,, which is the control command and the variable
structure. Boundaries of the search space are de ned by spadfdhe RRT*-connect algorithm.

occupied by current positions of struts and cables to avoid The goal is to nd a feasible path between a folded and
element collision and over-stress. Collision avoidanomlves deployed state of the tensegrity structure. Using the mebhmgly
preventing that two bars develop unwanted contact forcesrwheof RRT-connect{u et al., 201)} two search trees are created, one
the structure is in its folded and near-folded states. The RRT at the start point and one at the target poifiigure 6). Successful
connect algorithm includes the dynamic relaxation modefraf  points for two trees, one from the initial point and one from the
tensegrity structure to check if the newly proposed deploymertiarget, are shown in black and gray respectivelyFigure 5B.
point, grang, Crosses through a structural element. In the modelWhen feasible points have been found, primary and secondary
elements are de ned by two nodes and by an index as to whictoles of the two trees are exchanged to allow both trees &nelxt
nodes are connected to form elements. into the search space.
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3.2.2. Application of RRT*-Connect Algorithm on the original points in the folded con guration to their respecév

Tensegrity Structure target points.

Although it is possible to implement RRT*-connect for complete In the folded state, active cables have a higher tension value

deployment of the tensegrity structure, the bene ts for isadin ~ and the ve active cables have more similar tension values tha

and element over-stress avoidance are highest when thetsteu  in the deployed state. Additionally, implementing RRT*-coninec

is in its folded state. RRT*-connect is implemented in simolat  throughout the entire deployment lengthens execution tinue d

with struts having a diameter 2 [cm] and cables having a di@me to calculation when the bene ts of path-planning are not wéd.

1 [cm] larger than that of the element. This margin is intedde Therefore, an incremental active cable-length changectljre

to account for construction and modeling uncertainty and iscorrelates to the movement of that given end-node without

determined by the drift of 1 [cm] observed in the end-nodesgreatly a ecting positions of other end-nodes. The rst phase

when using the RRT*-connect algorithm on the near-full-ecal of deployment with the RRT*-connect algorithm involves the

tensegrity structure. For new proposed poimfg,g for nodes, assumption that within each 5 [cm] segment per active cable

geometrical limitations due to bars and force limitation of (see section 4.2), is locally linear and independent of odlcéve

elements are checked. If these limitations are not exceaddd cables. Actuation of each active cable is coupled followiagst

no collisions occur, the proposed value Gf,q is retained as phase of the deployment process.

Onew- Recall that the variable of the RRT*-coonect algorithm is
Control commands for the rst deployment phase wereactive cable-length change to move the structure frgHg,, to

constrained to result in movement only in the direction of dhew for each end-node. The objective is expressed as Euclidean

deployment and maximum distance, to the next node in the nodal coordinates of the target using the variable value of

tree. Twenty tests were executed for each step of the RRT¢able-length change. Since the RRT algorithm discretizes the

connect algorithm. Average control commands were caledlat trajectory, the path betweegnear and gnew is linearized. The

and simulated with the dynamic relaxation model of thevector of the trajectory,, to move from the nearest nod@ear

tensegrity structure to determine feasibility. Simultangly, the to target nodegiarger has a rotation expressed in quaternions

RRT algorithm were run for ve end-nodes to move from their (Equation 3) proportional to the end-node due to an active

cable-length change (Equation 4), shown in Equation K&)ep

and Hat are the set of quaternions (for each step and complete

deployment trajectory respectively) for a given rotationtten

in a linear combination where, b, ¢, andd are real numbers

and P P € and © are the quaternion in the complex plane.

TABLE 1 | Stages of the path-planning method and corresponding struture
deployment length.

Stage Structure start Structure end The following equation is applied separately to all ve end-
length [cm] length [cm] nodes
RRT-path planning 40 100
algorithm
HstepD astep 1C bstep C dstep K 3
Even cable-length 100 180 step step step Cstep m step ( )
change Hact D @act 1C bact fC Cact T dact © (4)
Feedback search 180 200 (Midspan as bs d
t
connection) °p P p Step D P (5)

Aact Dact Cact dact

FIGURE 5 | Path of an end-node is shown for collision and over-stress avidance. A sample longitudinal 2D-section of the tenseggtstructure (A) shows the
RRT*-connect algorithm navigation around structural eleants possible in three dimensions. A schematic of the RRT*amnect algorithm notation for one step(B).
Successful points for two trees, one from the start point andne from the end, are shown in black and gray respectively.

Frontiers in Built Environment | www.frontiersin.org 7 August 2018 | Volume 4 | Article 45



Sychterz and Smith Control Strategies for Deployable Tensegrity Structure

3.2.3. Even Cable-Length Changes

For the second phase, control commands of this method
are all even cable-length changes for all end-nodes from an
approximate structural length of 100 [cm] to 180 [cm]. There
is no risk of element collision or overstress beyond 100 [a]
observed experimentally and through simulations. At the end
of this phase, the end-nodes at the top of each half of the
structure are closer to one another, approximately 7 [cm]ntha
the end-ends at the bottom prior to the phase for midspan
connection.

3.2.4. Search for Midspan Connection

The last phase uses a search for control commands to
achieve midspan connection. Although each node is connected
sequentially, cable-length changes occur in all activeesaiolr
successful connection at midspan of one pair of end-nodes.

Similar to the algorithm described bByeuve et al. (20171he
objective is to reduce the distance between the selected pair o
end-nodes to zero, thus establishing a connection. The marxi
incremental movement of active cables is set at 1 [cm] so that
the goal is not surpassed. Measurements of the current pair of
end-nodes are compared with the simulation (using the PGSL
search algorithm) of the tensegrity structure to determiable-
length changes for the current step. Previous work tested all
combinations of active cable-length changes and implentente
the case that reduced the most distance between a pair of end-
nodes.

This procedure is repeated for the connection of every pair
of end-nodes. Since the measured end-node positions are never
exactly the same, the control commands computed by the
simulation also changed each test. The procedure of thelsearc
for midspan connection is repeated thirty times, each tesngk
the cumulative average of the control commands determinged b
the simulation of all tests. Convergence of control commsid
observed after approximately eight tests.

3.3. Algorithms for Self-Stress

The shape of the structure after midspan connection is irragul
and not necessarily aligned between the two supports. In
Figure 7A the structure is above the reference line whereas
in Figure 7B the structure is centered. Node positions are
more similar to the design con guration after self-stressrh
before. Irregular con gurations risks unexpected joint &ewy
and undesirable internal forces. Two self-stress algogthm

FIGURE 6 | RRT path-planning procedure for movement of the tensegrity for shape correction are studied restore con guration of
structure. the tensegrity structure regardless of position after midspan
connection.

In addition to providing strength and stability to the struct,
goals during self-stress are to remove slack in cables and to
Therefore, linear distance between Euclidean coordirgft@sar  align the structure. Con guration has been veri ed using an
to Grarget€quates to the control command for active cable-lengthoptical tracking system with eight infrared cameras, four on
change of the given end-nodéctuation (Equation 6) with a each bridge support. Cable tension has been measured using a
maximum value of . handheld spring-actuated cable tension-measuring devibe. T
self-stress phase improves the tensegrity structure node @usiti
to obtain a well-aligned, uniform shape that is close to thegtesi
lactuationD  (Xggarger  Xnead*C Vorarger  Yanea)°C (Zaarger  Zanead®  con guration. The PGSL search algorithm was implemented to
(6) nd control commands for midspan connection of the two bridge
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FIGURE 7 | View from above of the tensegrity structurgA) post midspan connection and(B) after an initial self-stress imposed. I1{B), the reference line becomes the
center-line of the structure.

halves. Although many algorithms have been investigateth s The simulation ends after 400 iterations of PGSL were rehche
as those proposed Bapalambros and Wilde (198%lgorithms  for all midspan nodes. This number was xed a-priori to be 400
based on two types of constraint are investigated in thisince it was observed that the value of the objective funalid
paper. not change the overall result beyond 300 iterations.

The cost function to be minimized includes a term that Components of the objective function are expressed as
represents the distance between the end-nodes on each bridigdows:
half. Figure 8 shows a ow chart of the algorithm for self-
stress. Two versions of this algorithm, hard-constraind @oft- CyD
contraint, that have been built on previous workguve et al., ddesign
2015 are evaluated. Algonthms successfully prescribe Cabl?rfcurrem< 0.5y, then
length changes to result in self-stress values that are ttothe
design con guration. 0.5, feurrent

Both algorithms involve the computation of an objective GD 0§ (8)
function value from the normalized nodal position distances B
and the normalized element internal forces. This con gimat If 0.5, < fourrent < 0.67,, then
is evaluated based on the two criteria of the objective
function; current distance away from design con guration
in millimeters, (di erence betweertcyrrent and dgesign, and G D
internal force limits. A hard-constraint algorithm, cadle
the initial algorithm, rejects the element internal forca i
kilonewtonstcur_rem, if the axial forces are greater than h._alf of The objective function is taken to be the total casSt,which
the material yield value, O3 for the element cross sectional i 1o cost of the distance componei@y, added to the axial
area. Th'|s value is conventionally tgken for .the purposeg, .. componentC; (see Equations 8 and 9). The algorithms are
of experimental work. A soft-constraint algorithm adds %intended for the full-structure in the design con gurationitiu

condmon_where a pem_alty factorP, of value 1.25 if the cables successfully having their prescribed self-stresssvalu
element internal force is greater than f}.5and less than

0.67y, is applied to the surcharge of the objective function in
PGSL. CDCiC G (10)

ddesign deurrent

(@)

feurrent 0-acy

PC1 9
0, (9)

If feurrent > 0.67y, then the control solution is rejected
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FIGURE 8 | Procedure for multi-criteria objective function within th stochastic search algorithm, PGSL. Cable-length changegovern the objective function value.

The goal of both algorithms is to nd a state of self-stresstfi® ~ when there is no feedback. Commands are executed seqiential
structure so that it is in the con guration closest to the aps  without the check that occurs at the end of a cycle. The number
speci cation. Element axial forces must be relaxed to prepare f of control commands is shown on the horizontal axis and the
the service phase. Although nodal positions of the structuridev  average actuation cumulative cable-length change of coatis

in service may not be exactly as designed, the structure tsene cables shown on the vertical axis. The average cumulative-cab
from the self-stress phase that corrects for mis- alignechefgs length change is shown over twenty tests without feedback

after midspan connection. control (gray dashed line) and with feedback control (black
line). Error bars show two standard deviations,,Zor cable-

4. RESULTS length change commands per control command over twenty
tests. When there are only four cycles, predetermined cdntro

4.1. Feedback Method commands have a greater cumulative cable-length change tha

Testing of the feedback method for four cycles and twentyesyc feedback-control (seeigure 9A). When the number of feedback
is completed twenty times eackigure 9 shows results from cycles is increased, feedback control successfully sratéhe
the average of corrected and uncorrected control commanddeployed state in fewer control commands than the four-cycle
with four cycles (a) and twenty cycles (b). There are no eycleeedback control (seEigure 9B). Since the control commands
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FIGURE 10 | Comparison of deployment trajectories for twenty tests witout
feedback, four-cycle feedback, and twenty-cycle feedback Two standard
deviations of end-node position error are shown.

into consideration for complexity of the calculation. Withe
increasing calculation time and the decaying bene t of fessk
control, the optimal number of cycles for the tensegrity stuue

FIGURE 9 | Average cumulative cable-length change for measured is twenty.

deployment with and without feedback control in(A) four cycles and (B) Sources of uncertainty are the e ects of geometry not present
twenty cycles of equal structure deployment length for twety trials. Two . . . . .. .

standard deviations of end-node position error are shown. @ble-length In SImUIatlon’ such as_ egcentnmqes c_iue to joint constroiet
changes without feedback (gray dashed ling) are the same fdA,B). Despite these uncertainties, modi cation of future deployrhe

control-commands acting on cable-length changes basedhen t
comparison between design shape and measured position moves
) ) ) the structure in the correct direction. Increasing the nuenb
without feedback are not modied in cycles, the averaggy gages decreases real-time response time of the structure
cumulative cable-length changes are the sameifgures 9A,B. _resulting in smaller and regular changes compared with fewer
The number of cycles for the feedback method results Riages.
the shortest possible time of deployment considering calaria — Fiqre 10shows a comparison of elapsed time of deployment
time and bene t of feedback control as shown in Equation 11y qiactories without feedback (dashed gray line) and with
Var'abIEIOP“ma'Noptimal is the minimum time of deployment for  ¢oeqpack for four (dashed black line) and twenty (black )line
the optimal number of cycle®Noptimal tcalcNopima 1S the time of  cycles. The horizontal axis shows deployment time in seconds
calculation for a given number of cycles, afigbdbaciy,yma 1S and the vertical axis is the overall structure length in aeeters.
time due to deployment with feedback with a given number ofThe standard deviation of 95%, 2is shown in gray for each
cycles. line. Error bars indicate the maximum and minimum end-node
positions in the direction of deployment. Time of deployment is
successfully reduced by introducing four-cycle and twenygle
toptimalNpgima 2 MIN* tealcNgpima © teedbaciopimal (11)  feedback control compared with deployment without feedback.
Fastest deployment occurs with twenty cycles and reduces
As the number of cycles increases, the time of deploymerlapsed time prior to midspan connection by approximately 50%
decreases nonlinearly with decay as more cycles are intemtlu compared with deployment without feedback.
Between four, ten, and twenty cycles, twenty cycles signily Due to self-weight of the structure, cables on the upper
reduces deployment time. However between twenty and ondace of the structure are more in tension, making actuation
hundred cycles, there is very little reduction of deploymenof these cables more inuential on structure shape. The
time. feedback-controlled deployment trajectory successfuliuces
In contrast, calculation time increases with a polynomialdeployment time compared with the original deployment
complexity of O(n). Despite there being nested loops totrajectory.
calculate mean overall structural length that determindsemv Feedback control and sensing of the tensegrity structure is
the structure has reached the next cycle, the length of thpdo helpful for development toward a deployment trajectory that
are independent of the number of cycles and thus not takemdapts to uncertainties. Cable-length changes using theelhee
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between measurement and simulation does not create newof paired end-nodes during the midspan connection of the
deployment sequences. Instead, control commands for eado halves of the tensegrity structure is successfully gedu
continuous cable are modied by a scalar correction factoto approximately 1 [cm] (average over twenty tests) through
that is unique to each continuous cable. This computes fastéeedback control at midspan.
than searching through the solution space for a new control For both simulation and measured positions, the path-
command. The optimization mentioned previously in this work planning method successfully reduces variation compared
shows no improvement when the number of cycles is greater thawith the feedback method. Using the same motor speed for
twenty. Feedback with over fty cycles is a ected by variatio deployment as used byeuve et al. (2016the new deployment
in longitudinal positions of each end-node and therefore nottrajectory successfully enables deployment with greaten tha
implemented. 68% reduction in deployment time. During deployment of the
Correction factor values from several cycles of deploymertensegrity structure, eccentricities at nodes incur shiftnodal
tests vary within a small range due to non-repeatability opositions, as shown irFigure 11A at a structure length of
the tensegrity structure movement. Modi cation of deploynten approximately 120 [cm]. Node details are not modeled in the
control-commands based on comparisons between design shagienulations. Feedback search in the last phase of deployment
and measured position successfully results in a more e ciensuccessfully resolves this dierence and this process regjuire
deployment trajectory. However, there is no assurance cokal-time comparison of simulation and measurements.
collision avoidance. This leads to another strategy whigh i Although incorporating feedback control within the RRT*-

presented next. connect is attempted, the resulting deployment of the rst
) 60 [cm] of the structure was slower than without feedback.
4.2. Path-Planning Method Real-time feedback is thus only involved in the last phase

The path-planning method is compared with the feedbaclof the path-planning method. The measured nodal positions
method to assess quality of movement. Least-squares istosedare compared to the simulated nodal positions to modify the
evaluate deployment trajectories. A trajectory curve isrdiszed deployment trajectory. However, measured nodal positions and
into linear segments with an optimal discretization givenelement stresses are more consistent with the simulation when
sensitivity analysis which is every 5 [cm]. The summatidaken the structure is folded. Therefore there is minimal bened t
of the squared shortest distance from each measurement poiittcorporating feedback of measured position for the RRT*-
to the linear segment. Low values of least-squares meansspoironnect algorithm for this phase of deployment. Additionally,
follow a deployment trajectory. Least-squares minimizessiim  this comparison between measurement and simulation added
where the residuals are the di erences between measuremesmpproximately 20 s per RRT path-planning step of 5 [cm] and
points and the tted values. Since the curve is discretize@domputational complexity to the deployment sequence.
and linearized, this tted value creates the tted curve ot
deployment trajectory. 4.2.1. Evaluation of Deployment Schemes
Applying the methodology for deployment trajectory, Table 2 shows a comparison of least-squares in [cm] of end-
Figure 11 shows simulated and measured deploymenjoint positions determined by simulation of the feedback
trajectories for the feedback method and the path-planningnethod and the path-planning method compared with the ideal
method. Deployment ends just prior to midspan connectiontrajectory. The feedback method is consistently more irragul
where the node pair at the top of the structure is approximatelyhan the path-planning method for simulation and measurement
5 [cm] apart, and thus not all nodes are shown to full deployedvariance of least-squares values from measurements fram th
length. End-node positions are shown comparing measurememath-planning method are lower than that of the feedback
and simulation of the feedback method (a). End-node posiionmethod.
are also shown comparing measurement and simulation of the
path-planning method (b). Hollow markers indicate simulated4.3. Algorithms for Self-Stress
end-node positions and lled markers indicate measured endThe goal of the self-stress algorithm is to realign the dtrec
node positions. Measured and simulated end-node positions atgetween the supports. To study the e ects of self-stress-cbntro
marked every 5 [cm] and average deployment trajectories ammands, element internal forces after midspan connection
shown with a continuous line. Distances between the trajgct and after applying the initial self-stress algorithm are conepiar
and the least-squares tted curve are less for the path-plagini in Figure 12A Results from a soft-constraint algorithm are
method than with the feedback method. presented irFigure 12B The vertical axis is the axial force [kN]
Although simulation and measurement for the feedbackin elements where tension is positive. Element numbers are
method show similar trends, end-node positions are notshown on the horizontal axis.
signi cantly correlated. For the path-planning method, Dark gray vertical bars indicate element internal forcesraf
simulation and measurement successfully show similardsen midspan connection. Light gray vertical bars denote resofts
Two of the three nodes are signi cantly correlated at the endhe self-stress search function. Struts can sustain arn faxize
of deployment for the path-planning method. Simulation of of 9 [kN] in compression whereas cables are able to resist 8 [kN]
the path-planning method does not involve real-time feedbackn tension. Limits shown with a horizontal dash line are set t
using measurements, thus only some end-node simulatiods arbe half of the material yield limit as described earlier.c8ithe
measurements are signi cantly correlated. Error in posigo tensile limit of struts is 31 [kKN], it is not shown.
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FIGURE 11 | End-node positions are shown from simulation and measurenm# of (A) the feedback method and (B) the path-planning method. Three end-nodes are
shown.

TABLE 2 | Columns 2-3: Least-squares values of end-joint positiongdm simulations of the feedback method and the path-plannig method.

Simulation [cm] Measured [cm]
Node # Feedback Path-planning Feedback Error (2 ) Path-planning Error (2 )
1 6.87 2.53 12.04 0.92 2.26 0.03
2 9.37 2.85 12.84 1.04 2.24 0.48
3 11.8 2.55 12.04 0.36 3.28 0.12
4 16.5 2.59 9.8 0.68 3.08 0.75
5 7.79 2.79 10.44 0.28 2.24 0.03

Columns 4-7: Least-squares values of measured end-joint positionsf the feedback method and the path-planning method. An error of 2 is an appropriate con dence level for twenty
tests.

Using the initial algorithm, axial force in discontinuoualdes values for element forces and nodal positions, the soft-cairgtr
increases with the application of the self-stress. Contisuouself-stress algorithm is more successful than the initg@thm
cables that run from the end-nodes to the middle support nodesor attaining uniform self-stress.
increase in tension whereas the remaining continuous sable For each structural noderigure 13 shows the distance to
decrease in tension. The active cables The minimum cabte forthe design position after midspan connection, after applying
is 1.33 [kN] and the maximum is 3.98 [kN] and the nal value for the initial algorithm, and after applying the soft-constraint
Cis 57.5 (Equation 10). algorithm. By permitting some cables to carry tension abobfg 0.

With the soft-constraint algorithm, axial forces in somélss  the soft-constraint algorithm successfully reduces thetatice
increase by up to a factor of eight. Some of the continuougesab between measurement and design con guration.
exceeded the soft constraint of §).&n the solution selected by ~ When the structure is put in service, self-stress values will
the algorithm, probabilistic global search Lausanne (PGBh¢ be relaxed to a range of 12.5-20% of the yield stre$sde-
cable tension values are more uniform throughout the stuoet Barbarigos et al., 2010&nd-node vertical displacements have
than with the initial algorithm and just after midspan conrier.  been simulated when self-stress in active cables is lowered b
Since the structure has been designed for ideal near-umifor approximately 20%. Implementing the feedback method with
axial forces, behavior of the structure is expected to be morgelf-stress results in an average measured vertical edd-no
predictable when element forces are uniform. This resulta in settlement of 5 [cm]. Implementing the path-planning method
value for C of 50.6 (Equation 10). The minimum cable forcewith self-stress results in an average measured verticahede
is 2.53 [kN] and the maximum is 5.02 [kN]. Since the goalsettlement less than 1 [cm].
is to minimize the value of the objective function, which is Active cables with no tension present two challenges, they do
the di erence between the post midspan connect and designot respond to cable-length changes and more work is required
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FIGURE 12 | Comparison of simulated element internal forces using aniinal self-stress algorithm(A), and soft-constraint self stress algorithm(B). The dark gray bars
show the original element forces and the light gray bars shouhe element forces with application of each constraint algathm.

by other active cables to move the structure. Therefor@rifrol  structures that deploy along several degrees of freedorm Eve
commands resultin active cables having no tension, movewifen though control in real-time is computationally expensive,

the structure toward the design con gurationis a challemgech e cient deployment trajectories for the tensegrity structur

is the observation of deployment using the feedback methoghrovide the opportunity to increase the deployment speed
However, the path-planning method maintains nodal positionswithout over-stressing elements.

and element stress values closer to the design con guration The optimal number of cycles to reduce time of deployment
throughout deployment so that with a reduction of self-sggbe  is dependent on calculation time and bene t due to feedback

structure vertically settles less than with the feedbacthot: for the given structure. Although the optimum for the tensegri
structure is twenty cycles, it is likely to be di erent for ahetr
5. DISCUSSION structure. These factors are generalizable for any stractu

Di erences between measurement and simulation are
This section summarizes the generality and limitationsasfults ~ unavoidable. Although cable tension is checked to prevent

found from this work. over-stress, it is nodal position that is the primary feedback
criterion. This methodology may be used on other structures
5.1. Feedback Method involving complex movement.

Feedback control developed for movement of the tensegrity Challenges of feedback control on the tensegrity structure
structure is already widely applied in other situations. Theare that maximum and minimum adjustment factors must be
novelty of this work is the real-time comparison of tests withset on cable-control commands to prevent the structure from
simulations (model-based) of a full-scale deployable tgnige being over-stressed. When magnitude of nodal coordinadeg, v
structure. Re-use of this algorithm would be useful for othercalculation of the feedback coe cient does not aect large
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FIGURE 13 | Comparison of simulated nodal position distances [mm] aftemidspan connection, after application of the initial setress algorithm, and after
application of self-stress soft-constraint algorithm.

and small magnitude values equally. Continuous controlds n stored as training data. Given a new structure with unknown

the optimal choice since time of calculation increases aral thbehavior, path-planning can be implemented. Once training set

increased bene tis low for the tensegrity structure. are determined, control-command smoothing helps improve
Although the incremental movement using the feedbacle ectiveness and lowers deployment time.

method is small at a length of 5 [cm], there is no assurance Use of the path-planning method involves the assumption that

for collision and overstresss avoidance which add bendinthe folded con guration is known precisely. In situations whe

stresses as well as plastic deformation in struts. Scaling tfis is not the case, image-recognition methods may be useful

control commands is based on already executed commands improve knowledge of the folded con guration thus ensurirgt

compare simulation and measurement. Assuming deployment af ectiveness of path-planning.

the structure is slow (time greater than ten times rst nalr

frequency) and considered to respond with quasi-static biela  5.3. Algorithms for Self-Stress

deriving equations of motion to predict positions of elemeimts ~ Similar to feedback control, algorithms for self-stress wgeful

the future using measurements is not relevant. To improve offor structures when there are large di erences between ideal

collision and overstress avoidance, the path-planning metiso and real nodal positions following deployment. Generality is

proposed. dependent on the type of active control. In cases where aatsiato
are dispersed in the structure, self-stress algorithms woeld b
5.2. Path-Planning Method simpler and more e cient than those used for this tensegrity

Using the path-planning method when the structure is nealr|y5tructure.Actuators on this structure are placed at the sufgor

folded, less variability is observed in structural movetrtian ~ Satisfy practical criteria associated with typical civigereering

when the structure is near midspan connection. Therefore, thStructures.

path-planning method for deployment through complex search Future self-stressed structures may be designed to employ

spaces can be applied to deployment of other structures. WheéRe bene ts of a soft-constraint algorithm to optimize sttuce

accuracy is required at the expense of longer time of deplogmerfon guration. Allowing the structure to move beyond the

control-command calculation could compare measurement an@Perating range at a penalty results in several elements being

simulation in real-time. stressed slightly more than allowable service levels. r&efo
The path-planning method uses a search for controfervice, prestress is reduced to optimize load-carrying d@gpac

commands to achieve midspan connection. Targeting restlict

phases of deployment for small-increment search is useful t§. CONCLUSIONS

save energy and time rather than using the search method

throughout deployment. This is applicable to deploymentThe number of control cycles in feedback method should

of other complex deployable structures. Determining phaselse determined according to factors contributing to time of

of deployment requires previous knowledge which can beleployment. The optimal number of cycles occurs at the shortes
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deployment time considering time of calculation of each eycl AUTHOR CONTRIBUTIONS

and time of deployment with feedback for the given number

of cycles. Deployment with twenty cycles successfully reduc&S developed the path-planning method for deployment

elapsed time by approximately 50% compared with deploymer@nd feedback and self-stress control using measurements.

without feedback. AS wrote the majority of the paper and conducted the
Advanced computing a|gori'[hms have potentia] to improveresearCh and simulations mentioned. IS was actively ireblv

further the e ciency of complex deployment challenges. Thein the conception of the algorithms and wrote parts of the

path_p|anning method Successfu”y enables dep|0yment a,@ntribution. All authors reviewed and acceptEd the nal

connection at midspan with at least a 68% reduction inversion.

time compared with the feedback method, in addition to the

previously mentioned reduction of elapsed time. Error in nbdaFUNDING

positions at midspan is successfully reduced through the @ise o

the path-planning method.

Constraint relaxation is useful for correcting nodal pasits
after deployment. The soft-constraint algorithm for sdlfess
that is described in this work successfully lowers variigbdf
axial forces in cables as well as the discrepancy betweeanekal
ideal nodal positions. Similar to feedback control, alduris for
self-stress are useful for structures with uncertaintyated to
deployed nodal positions and element forces in the structure.
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