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Adaptive structures have the ability to modify their shape and internal forces through

sensing and actuation in order to maintain optimal performance under changing actions.

Previous studies have shown that substantial whole-life energy savings with respect to

traditional passive designs can be achieved through well-conceived adaptive design

strategies. The whole-life energy comprises an embodied part in the material and an

operational part for structural adaptation. Structural adaptation through controlled large

shape changes allows a significant stress redistribution so that the design is not governed

by extreme loads with long return periods. This way, material utilization is maximized

and embodied energy is reduced. A design process based on shape optimization has

been formulated to obtain shapes that are optimal for each load case. A geometrically

non-linear force method is employed to control the structure into required shapes. This

paper presents the experimental testing of a small-scale prototype adaptive structure

produced by this design process. The structure is a simply supported planar truss. Shape

adaptation is achieved through controlled length changes of turnbuckles that strategically

replace some of the structural elements. The stress is monitored by strain sensors fitted

on some of the truss elements. The nodal coordinates are monitored by an optical

tracking system. Numerical predictions and measurements have a minimum Pearson

correlation of 0.86 which indicates good accordance. Although scaling effects have to

be further investigated, experimental testing on a small-scale prototype has been useful

to assess the feasibility of the design and control methods outlined in this work. Results

show that stress homogenization through controlled large shape changes is feasible.

Keywords: adaptive structures, shape control, actuator placement optimization, structural sensing, structural

optimization

INTRODUCTION

Civil structures are designed to meet strength and deformation criteria for critical load cases. Since
extreme and thus rarely occurring loads have to be accounted for, the structural capacity is not
fully utilized for most of the service life of the structure. The construction sector, however, is a
major contributor to the global energy demand (Straube, 2006) as well as a major consumer of
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raw materials (United Nations Environmental Programme,
2007), and therefore it is of growing importance to minimize
environmental impacts of load-bearing structures.

Structural adaptation through sensing and actuation is a
potential solution. If the structure is able to counteract the effect
of loads through active control, it can be designed to maintain
optimal performance as the external load changes (Yao, 1972;
Soong, 1988). The potential of structural adaptation as a means
to mitigate the dynamic response during the occurrence of
extreme loads (e.g., earthquakes, strong winds) has been subject
of extensive research (Skelton et al., 1992; Reinhorn et al., 1993;
Soong and Cimellaro, 2009). More recently, the potential of using
adaptation to design structures with a better material utilization
has been investigated (Sobek and Teuffel, 2001; Cimellaro et al.,
2008). A new design criterion for adaptive structures has been
introduced in Senatore et al. (2019), which is “whole-life” energy
comprising a part embodied in the material and another part
for control and adaptation. It was shown that substantial whole-
life energy savings can be achieved through adaptive design
strategies (Senatore et al., 2018). Instead of relying solely on
passive resistance provided by material and form, strategically
located actuators change the internal forces and shape of the
structure to ensure safety and serviceability. Since actuation is
only employed for rarely occurring loading, reduction inmaterial
embodied energy can be achieved with a small increase in control
operational energy as a trade-off. It was shown that whole-life
energy savings as high as 70% can be achieved through this design
strategy (Senatore et al., 2018a,b).

Shape optimization is usually employed to optimize the
geometry of structures under worst load cases (Gil and Andreu,
2000; Wang et al., 2002; Shea and Smith, 2006). When applied
to reticular structures, the optimization process can lead to large
modifications of nodal coordinates starting from an initial layout,
to an extent that the internal forces are manipulated significantly
(Descamps and Coelho, 2013). Through this process, shapes
resembling arches, catenaries, and lenticular configurations have
been found to be efficient in terms of material utilization (Gil
and Andreu, 2000). Using a similar approach (Pedersen and
Nielsen, 2003), it was shown that small but strategic adjustments
of the shape result in weight savings up to 35% without changing
the main geometric features. However, the geometry obtained
through these methods is fixed and thus, the structural capacity
is only partially utilized under peak demands.

Shape control involving large shape changes has been studied
numerically and experimentally for deployable and tensegrity
structures (Tibert, 2002; Fest et al., 2003; Veuve et al., 2015). In
this context, large shape changes have been achieved through
mechanisms. However, the use of mechanisms based on moving
parts often results in a significant penalty due to the weight of
the joints and increased control complexity (Campanile, 2003).
Shape control through flexibility has received little attention
both theoretically and experimentally. Shape and force control
of a reticular adaptive structure has been successfully tested
in Senatore et al. (2018); however, geometric non-linearity was
not accounted for. Formulations of geometrically non-linear
shape and force control exist (Yuan et al., 2016), nonetheless
experimental validation is still lacking.

Recent work has investigated the efficacy of structural
adaptation through large shape changes (Reksowardojo et al.,
2018). Numerical studies have shown that a substantial amount
of embodied energy can be saved with respect to structures that
are able to adapt through small shape changes. Through large
geometry reconfiguration, the internal forces can be redistributed
effectively and thus, the design is not governed by extreme
loading. This paper presents details of the experimental testing
of a small-scale prototype adaptive structure produced by the
methods presented in Reksowardojo et al. (2018). The prototype
tested in this work is a simply-supported planar-truss beam.
Shape adaptation is achieved through controlled length changes
of turnbuckles that strategically replace some of the structural
elements. Strain sensors and an optical tracking system are
employed to monitor element stress and nodal displacements.
The aim of this work is to validate experimentally the feasibility
of shape and force control through the process outlined in
Reksowardojo et al. (2018) on a small-scale prototype. Results
from this test will inform future research on larger scale
adaptive structures.

DESIGN METHOD

The design method consists of two parts: (1) optimization of
the geometry, internal forces and element cross-section areas to
minimize the structure embodied energy, (2) optimal actuator
placement to control the structure into the optimal shapes
obtained in (1) through quasi-static, non-linear geometric shape
and force control. The design process is illustrated in Figure 1.
The design method is formulated for reticular structures and this
study only deals with such structures. The actuators are assumed
to be linear actuators integrated into the structure by replacing
selected elements. This design method has been formulated for
structures subjected to slowly changing loads (e.g., snow load).
The control methods adopted in this formulation are for quasi-
static or low frequency loading hence the dynamic response of
the structure is not taken into account.

Shape and Load-Path Optimization
The structure is designed to have an optimal shape and an
optimal internal load path against each load case. This process,
denoted by χ , is a mapping between external load p and target
shapes dt as well as internal forces ft that are optimized to
maximize material utilization:

χ : pj →
(

ftj , d
t
j

)

∀j = 0, 1, . . . , np

pj 7→ ftj
(

pj
)

pj 7→ dtj
(

pj
)

(1)

The superscript t stands for “target.” The inputs are the structural
topology, i.e., a set of nn nodes connected by ne elements, support
conditions, loading and controlled degrees of freedom ncd.
The controlled degrees of freedom identify the nodal positions
that will be varied during shape optimization and that will be
controlled through actuation. The initial shape of the structure

(i.e., initial node coordinates) is defined as dinput ∈ R
nd . The
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FIGURE 1 | Design method flowchart.

design variables are element cross-section areas α ∈ R
ne , internal

forces ft ∈ R
neand nodal positions dt ∈ R

nd :

x =

[

α ft0 · · · ftj · · · ftnp dt0 · · · dtj · · · dtnp
]T

(2)

The objective is tominimize the embodied energy of the structure
subject to force equilibrium and stress constraints including
element buckling:

min
x

ne
∑

i=1

giαili0ρi (3)

s.t.

Ajf
t
j = pj, (4)

f tij ≤ σ t
i αi; f tij ≥ max

(

σ c
i αi,−

π2EIi

lij
2

)

, (5)

dl ≤ dt ≤ du; α
l ≤ α (6)

The index i refers to the ith element, j to the jth load case, ne is
the number of elements and npis the total number of load cases.
In Equation (2) gi is thematerial energy intensity (Hammond and
Jones, 2008) and ρi the density of the ith element. The term lij is
the length of the ith element for the jth load case. The second
moment of area Ii, is a function of the cross-section area αi.
E, σ t and σ c are the Young’s modulus, admissible tensile and
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compressive stress respectively. Aj ∈ R
nd×ne , ftj and pj are the

equilibrium matrix, internal forces and external load for the jth
load case. Upper and lower bounds are set in order to avoid
potential convergence issues caused by node position reversal or
merging as well as to ensure control feasibility. The output of this
process includes the element cross-section areas α as well as the
optimal forces ftj and nodal positions dtj for each load case.

At this stage, geometric compatibility between element
deformations and nodal displacements is not accounted for
and thus, the resulting target shapes may not be compatible.
Geometric compatibility is a non-linear constraint which can
cause convergence difficulties and hence, it is often ignored in
structural optimization. For a passive structure, the omission
of this constraint might result in a configuration that does
not meet serviceability limits (e.g., deflection) under loading.
For adaptive structures, disaggregation of force equilibrium and
geometric compatibility is a key aspect (Senatore et al., 2019).
Geometric compatibility is instead enforced through a controlled
shape change. This way, a structure can be designed to meet
strength requirements passively but serviceability constraints are
met through adaptation i.e., shape and internal force control.

Actuation Layout Optimization
The second step of the design process is to obtain an actuator
layout (i.e., placement) that is optimal to control the structure
into the target shapes obtained in section Shape and Load-
Path Optimization. The objective is to maximize the similarity
between shapes controlled via actuation 1dc and the target
shapes obtained in section Shape and Load-Path Optimization
subject to ultimate limit state (ULS) constraints:

min
y

1− Q, (7)

s.t.

f ci ≤ σ tαi; f ci ≥ max

(

σ cαi,−
π2EIi

li
2

)

, (8)

where:

Q =
1

np

np
∑

j=1

(

1dcj

)T
1dtj

(

1dcj

)T
1dcj +

(

1dtj

)T
1dtj −

(

1dcj

)T
1dtj

(9)

1dt is the nodal displacement vector to move from the deformed
shape to the target shape dt .1dc is the nodal displacement vector
to move from the deformed shape to the shape obtained through
control (section Quasi-Static, Non-linear Geometric Shape, and
Force Control). Both equilibrium and geometric compatibility

must be considered at this stage. The design variable y ∈ Z
nact is a

vector containing the indices of the active elements and nact is the
number of actuators. Q is a similarity criterion (Tanimoto, 1958)
which is employed in this work tomeasure the difference between
two vectors in terms of shape features and node positions. The
index Q takes a value between 0 and 1.

The optimization stated in Equations (8)–(10) is
combinatorial and thus, when the number of structural
elements is large a full enumeration is impossible. Optimal

actuator placement is carried out using a global search method
called constrained simulated annealing (CSA) (Wah and Wang,
1999). A heuristic based on a measure of efficacy for each
element to contribute toward the attainment of the optimal
shapes through its length changes (Senatore et al., 2019) is
employed to generate the initial candidate solution and to define
the neighborhood structure i.e., the set of feasible solutions
“close” to the current solution.

Quasi-Static, Non-linear Geometric Shape,
and Force Control
The structure has to be controlled through actuator commands
1lthat cause a change of internal forces 1fc and nodal
displacement 1dc that approximate the target ones

(

1ft ,1dt
)

:

φ−1
:

(

1ftj ,1dtj

)

→ 1lj ∀j = 1, . . . , np. (10)

Since large shape changes modify equilibrium conditions, control
commands must be computed through a method that considers
geometric non-linearity. In addition, because shape adaptation
does not rely on mechanisms with defined kinematics, given an
actuator layout there are generally infinite solutions in terms
of length changes to approximate a required shape change. A
possible strategy is to find the minimum actuator length changes
that deform the structure into a target shape. This is an inverse
problem having a non-trivial solution.

For small deformations, the relationship between element
length changes 1l to shape changes 1d and internal force
changes 1f can be expressed as:

1f = Sf1l, (11)

1d = Sd1l, (12)

where Sf and Sd are the force and displacement sensitivity
matrices (Senatore et al., 2019). In this work, Sf and Sd
are computed using a force method based on singular value
decomposition of the equilibrium matrix (Pellegrino, 1993;
Luo and Lu, 2006; Yuan et al., 2016). Once the force and
displacement sensitivity matrices are known, φ−1 is formulated
as a constrained minimization of the difference between the
controlled (1dc, 1fc) and optimal configuration

(

1dt , 1ft
)

:

min
1l

∥

∥

∥

∥

∥

∥

S · {1l} −







1dt

1ft

0







∥

∥

∥

∥

∥

∥

2

, (13)

s.t.

fij ≤ σ t
i αi; fij ≥ max

(

σ c
i αi,−

π2EIi

lij
2

)

, (14)

where the term S is:

S =

[

S
d
S
f
I
]T

. (15)

When geometrical non-linearity is accounted for, S
d
and S

f
have

to be updated as the geometry of the structure changes. The
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FIGURE 2 | Description of the case study. (A) Roof structure case study. (B) Loading, node and element numberings.

Newton-Raphson scheme is employed to iterate to convergence

which is reached when the change of forces
∥

∥

∥
1fc − 1fc

′
∥

∥

∥

2

and displacements
∥

∥

∥
1dc − 1dc

′
∥

∥

∥

2
between two consecutive

iterations are smaller than a set tolerance, where 1fc
′
and 1dc

′

are the change of forces and shape at next iteration.

NUMERICAL CASE STUDY

The prototype structure tested in this study is a planar simply-
supported truss which can be thought of as a part of the roof
system shown in Figure 2A. The truss has a span of 1,000mmand
a 20:1 span-to-depth ratio. It consists of 19 elements connected
through 11 nodes of which two are constrained as indicated in the
diagram shown in Figure 2B. The truss is statically determinate.
All elements have a solid cylindrical section and are made of
aluminum with a Young’s modulus of 72.4 GPa.

Due to the small scale of this structure its self-weight is
negligible. Two live loads (LL) are considered: (1) a uniformly
distributed load of 10N applied on all top chord nodes (LL1); (2)
a moving load discretized by four point loads of 20N applied on
each node of the top chord in turn (LL2a−2L2d).

All nodes except the supports are allowed to shift vertically
with an upper bound1du and a lower bound1dl set to±15mm.
The lower bound for the element radius is set to 1mm. The
first step of the method outlined in section Shape and Load-Path
Optimization produces a structure whose embodied energy is

reduced by 17% with respect to an identical weight-optimized
passive structure.

A low number of actuators is generally preferred in order

to reduce monetary cost and control complexity. A minimum

number of actuators is determined by applying sequentially the

actuator layout optimization process (section Actuation Layout

Optimization), each time decreasing the number of actuators

until no solution can be obtained that satisfies ULS requirements.

Figure 3 shows the layouts obtained for 19, 14, 10, 7, 5, and

4 actuators.
No feasible solution (ULS satisfied) can be found for layouts

made of less than 5 actuators. The layout shown in Figure 3F is an
infeasible solution for 4 actuators.With this layout, themaximum

element demand/capacity ratio is 1.26. With 5 actuators the

maximum element demand/capacity ratio of 0.83. The 5-actuator

solution is therefore chosen as the optimal actuator layout
(Figure 3E). This solution was obtained after 413 iterations in

651 s on an Intel Core i7, 3.60 GHz. This layout has been verified

through a full enumeration (11,628 candidate solutions) which
has taken∼5 h.

The target shapes are shown in Figure 4A. For comparison,
Figure 4B shows the controlled shapes (5-actuator layout) with
the element stress mapped onto the geometry. Optimal shapes
and controlled shapes are very similar but not identical. There is
a maximum distance of 11.8mm for node 8 between target and
controlled shape under LL2b. Table 1 gives the actuator length
changes for all load cases.
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FIGURE 3 | Optimal actuator layouts for 19, 14, 10, 7, 5, and 4 active elements. (A) 19 actuators (all elements), (B) 14 actuators, (C) 10 actuators, (D) 7 actuators,

(E) 5 actuators, and (F) 4 actuators, not feasible.

FIGURE 4 | Target (A) and controlled (B) shapes.

TABLE 1 | Actuator length changes.

Actuator # Length change 1l (mm)

LL1 LL2a LL2b LL2c LL2d

3 −16 −7 −2 −2 −7

7 17 14 4 0 0

9 15 13 9 0 0

12 15 0 0 9 13

14 17 0 0 4 14

In order to show stress redistribution through active
control, the adaptive solution is compared to an identical
weight-optimized passive structure. In this context, stress
homogenization is understood as a reduction of magnitude

and variability. For example, it is clear from Figure 4 that
through shape control the depth of the structure increases in the
proximity of the point of application of the external load. If the
structure is thought of as a beam, this results in a better resistance
against bending moment.

Figure 5 shows the element stress for the passive (a) and
adaptive (b) structures. For brevity, LL2c and LL2d are not shown
since they are mirror of LL2b and LL2a. Tensile and compressive
stress are indicated in red and blue, respectively. The mean
for each data set is shown as a horizontal dashed line. Stress
variability is quantified through standard deviation. The width
of the shaded band, whose centerline is the mean value of each
data set, is twice the standard deviation.

The element stress in the adaptive structure is consistently
lower than that of the passive structure. The maximum mean
reduction for tensile and compressive stress are 33 and 34%,
respectively (both in LL1). The same applies to stress variability.
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FIGURE 5 | Element stress in passive (A) and adaptive (B) structure.

LL1 and LL2b have the smallest variability through shape
control for compressive and tensile stress, respectively. Stress
homogenization can be appreciated the most in LL1. The stress
of element 8, 9, 12, and 13 remains similar to that of the
corresponding elements in the passive structure. However, the
stress of element 1 ∼ 7 and 14 ∼ 19 decrease. Similarly, in LL2a,
the stress of element 6, 7, and 16 decrease significantly while the
stress for the other elements remain practically the same. There
is no stress reversal between the passive and adaptive structure.

EXPERIMENTAL TESTING

Setup
The aim of this test is to assess the applicability of the design

method outlined in section Shape and Load-Path Optimization

and Actuation Layout Optimization to a real structure, as well

as the accuracy of the numerical methods for shape control

outlined in section Quasi-Static, Non-linear Geometric Shape,

and Force Control. A prototype structure was built based on
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FIGURE 6 | Optimal cross-section sizing.

the model described in section Numerical Case Study. Figure 6
shows a bar chart comparing the cross section area between the
passive and adaptive structure obtained through simulation with
the built prototype. Assuming the density of aluminum is 2,649
kg/m3, the mass of the passive and adaptive structure is 0.35
and 0.28 kg, respectively. The element cross sections of the built
prototype have been sized-up to match commercial availability.
The total mass of the prototype is 0.32 kg, of which the mass of
the actuators comprises 1%.

The active elements are five turnbuckles that are fitted on
element 3, 7, 9, 12, and 14 according to the 5-actuator layout
obtained in section Numerical Case Study. Each turnbuckle
consists of a shaft hosting two rods of opposite threads (left and
right). This way, rotating the shaft can either shorten or lengthen
the turnbuckle (i.e., contraction or extension) depending on the
rotation direction.

The joints are fabricated through additive manufacturing
using a polymer-based material (polyether block amide) with a
Young’s modulus of 82 MPa. The low stiffness of this material
was chosen to ease shape reconfiguration, which in this case is
manually operated through the turnbuckles. Due to the planarity
of the truss, to avoid out-of-plane deflections, two acrylic posts
are placed at 300mm from both ends as shown in Figure 7A.
These posts are in direct contact with the structure allowing only
in-planemovements. Although not shown in Figure 7A, the right
support can slide horizontally through a pin-slot joint.

Elements 1, 2, 4, 5, 16, 17, 18, and 19 are instrumented
with strain sensors. Only 8 out of 19 elements are instrumented
because it was not practical to install strain gauges on the 5mm
diameter bracing elements and on the turnbuckles. Figure 7B
shows the location of both actuators and strain sensors. Figure 8
is a close-up taken at mid-span showing some of the turnbuckles
and strain sensors.

For each element, two strain gauges are placed diametrically
opposed to one another in a quarter-bridge configuration. The

strain of the ith element is computed as εi =

(

εai + εbi

)

/2 where

εai and εbi are the strains measured at each gauge position. By

doing so, flexural effects are rejected, since strains of opposing
signs cancel each other. To reduce the effect of out-of-plane
actions, the gauges are placed parallel to the truss main plane. The
strain gauges used in this test have a resistance of 350� ± 0.35%
and a gauge factor of 2.06 ± 1.0%. The gauges are manufactured
by Hottinger Baldwin Messtechnik (HBM).

The node position is monitored using an optical tracking
system by OptiTrack comprising four cameras and reflective
targets that are placed on the nodes. The optical system is able
to track the node position within a ±0.025mm precision. Data
acquisition of strains and nodal positions was carried out with
a sampling rate of 10Hz using National Instruments PXIe-8840
with Intel Core i7, 2.60 GHz quad-core. Loading consists of
weights of 1 kg (≈10 N) and 2 kg (≈20 N) for LL1 and LL2,
respectively which are applied on the nodes using hooks.

SIMULATED vs. MEASURED
CONTROLLED SHAPES

The structure static response under loading is measured and
compared to the numerical predictions obtained in section
Numerical Case Study. Element strains and nodal positions are
measured before and after shape control. Figure 9 shows the
difference between 1dcm and 1dcs (measured and simulated
controlled shape changes) represented by thick and dashed lines
respectively (Figure 4B). Referring to the similarity criterion
given in Equation (10), a similarity of 0.78 is obtained between
1dcs and1dcm. Table 2A gives the maximum Euclidean distance
between the nodes of dcs and dcm (measured and simulated
controlled shapes) as well as the norm of the difference between
1dcs and 1dcm. There was a maximum of 12.2mm for node 8
between dcs and dcm under LL2b.

The measured structure response under shape control is
consistent with the numerical predictions (section Numerical
Case Study); an overall reduction of tensile and compressive
stress is observed. This reduction is caused by the increase in
depth in proximity of the point of application of the external load.
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FIGURE 7 | Experimental setup. (A) Structure and supports. (B) Location of sensors and turnbuckles.

FIGURE 8 | Sensors and turnbuckles fitted in the truss.

The bar charts in Figure 10 compare element stresses obtained
from simulation and the measured ones for all load cases. For
brevity, LL2c and LL2d are not shown since theymirror LL2b and
LL2a, respectively. The element stress predicted by simulations
before and after control is shown in white and gray respectively.
The element stress measured before and after control is indicated
by hatching.

Table 2B shows the Pearson correlation (Hollander and
Wolfe, 1973) between measured and predicted change of stress
(the change of stress before and after control). A strong
correlation between measurement and prediction is obtained for
all load cases.

Tables 3A,B give metrics related to predicted and measured
element stress distribution respectively.When assessing the effect
of shape control (i.e., stress reduction and homogenization)
predicted through simulations in Simulated vs. Measured
Controlled Shapes (Figure 5), it was observed that bothmean and
standard deviation of the element stress are lower in the adaptive
compared to the weight-optimized passive structure. Generally,
this is also observed through measurement. The mean of the
stress is lower for all load cases. The maximum mean reduction
for tensile and compressive stress are 25% (LL1) and 32% (LL2d),
respectively. However, the standard deviations for compressive
stress for LL1, LL2a, and LL2d is higher for the adaptive structure
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FIGURE 9 | Controlled shapes: measurement (thick lines) vs. simulation (dashed lines). (A) No load, (B) LL1, (C) LL2a, (D) LL2b, (E) LL2c, and (F) LL2d.

TABLE 2 | Discrepancy between measurement and simulation.

Load case No load LL1 LL2a LL2b LL2c LL2d

(A) NODAL COORDINATES
∥

∥1dcm − 1dcs
∥

∥

2 (mm) 19.8 21.9 19.6 22.4 23.5 23.4

Max. node distance (mm) 7.9 10.6 11.5 12.2 11.7 12.1

(B) CHANGE OF STRESS

Pearson correlation measure - 0.99 0.86 0.93 0.94 0.90

because the element cross sections had to be changed due to
commercial availability. The symbol “N” in Table 3 indicates
cases where mean or standard deviation of the element stress
in the adaptive structure is higher than in the weight-optimized
passive structure.

To implement a control system based on the optimization
process outlined in section Shape and Load-Path Optimization,

the external load p has to be sensed in order to compute the
target shapes dt . When the internal forces and the shape of the
structure are known, the external loads p can be inferred through
force equilibrium:

Af = p (16)

where A is the equilibrium matrix which is iteratively updated
based on the measured nodal positions, f is the vector of internal
forces obtained directly through strainmeasurement. Because the
structure undergoes a large shape change, the equilibriummatrix
A cannot be kept constant. For example, if A is not updated as
the shape changes, the sensed external load pmay appear to vary
even if it is kept constant.

Since only 8 out of 19 elements are instrumented with strain
gauges, the forces in non-instrumented elements are obtained
through nodal equilibrium. Force equilibrium can be expressed
as a homogeneous linear system for a node whose degree of
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FIGURE 10 | Element stress. (A) LL1, (B) LL2a, and (C) LL2b.

TABLE 3 | Element stress passive vs. adaptive structure.

Metric Stress passive/stress adaptive (MPa/MPa)

LL1 LL2a LL2b LL2c LL2d

(A) SIMULATION

Mean tensile 1.61/1.08 1.12/0.81 1.67/1.26 1.67/1.26 1.12/0.81

Mean compressive −2.00/−1.32 −1.12/−0.80 −1.63/−1.20 −1.63/−1.20 −1.12/−0.80

Standard deviation tensile 0.87/0.52 0.62/0.38 0.39/0.33 0.39/0.33 0.62/0.38

Standard deviation compressive 0.33/0.14 0.62/0.40 0.34/0.27 0.34/0.27 0.62/0.40

(B) MEASUREMENT

Mean tensile 1.65/1.23 1.11/0.88 1.72/1.32 1.72/1.34 1.11/0.91

Mean compressive −1.71/−1.18 −0.92/−0.68 −1.47/−1.02 −1.47/−1.06 −0.92/−0.62

Standard deviation tensile 0.95/0.70 0.61/0.53 0.61/0.40 0.61/0.43 0.61/0.55

Standard deviation compressive 0.41/0.54 N 0.39/0.55 N 0.63/0.44 0.63/0.47 0.39/0.56 N

freedoms are not constrained (i.e., it is not a support) and when
no external load is applied on it:

Af = 0 (17)

Node 7, 8, 9, 10, and 11 satisfy these criteria (Figure 2B),
therefore the forces in elements 6 to 15 can be computed
through Equation (18). It is not possible to compute the
force in element 3 using Equation (18) because it connects
node 3 and 4 where the external load is applied. In this
case, force equilibrium is an underdetermined linear system
with more unknowns than equations. Therefore, the force in

element 3 is inferred through linear regression. The input
dataset is obtained through simulation, the known values of
f are the independent variables. Load cases LL1 and LL2
were investigated.

Figure 11A shows the comparison between applied
(continuous) and predicted (scatter) external load on node
2 (load case LL2a) when no shape control was carried out. A
20N load was applied incrementally in four steps of 5N. Load
prediction was carried out 10 times per second. The external load
predicted for node 2 was in good agreement with the applied
one, with a maximum error of 1.1N when the load magnitude
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FIGURE 11 | External load on node 2 (load case LL2a). (A) No shape control. (B) Shape control.

reaches 20N. Despite no load was applied on node 3, 4, and 5,
spurious vertical loads of 1.8N magnitude were predicted.

Figure 11B shows the comparison between applied and
predicted values for the external load when the structure is
subjected to a 20N load (applied in one step) on node 2
before and after control. Shape control was carried out by
applying the length changes 1l for load case LL2a. By using
a linear regression model that considers only the known
values of f as the independent variables, prediction of the
external load p had a maximum error of 4N as shown by
the gray scatter plot in Figure 11B. Load prediction was more
accurate when the length changes 1l were also included in
the independent variables in order to obtain the forces in
non-instrumented elements. As shown by the black scatter
plot in Figure 11B, the predicted load is close to the applied
one even after shape control with a maximum error of 0.6N.
As in the previous case, despite no load was applied on
node 3, 4, and 5, spurious vertical loads of 2.3N magnitude
were predicted.

Similarly, for load case LL1, 10N loads were applied to node
2, 3, 4, and 5 sequentially and when no shape control was carried
out. Figure 12A shows the comparison between the applied
(continuous) and predicted (scatter) external load. The external
load was predicted with good accuracy, with a maximum error
of 2N for node 4. Prediction error varied when adjacent nodes
were loaded. For example, the load predicted on node 2 is on
average 9.2N. However, when the load is applied on node 2 and
3 simultaneously the predicted value was 9.7 N.

When shape control is carried out under LL1, the external load
was predicted with good accuracy, with amaximum error of 2.3N
for node 4. Higher prediction errors occurred during actuation,
as shown in Figure 12B, which involved manual adjustment of
several turnbuckles.

DISCUSSION

This work has presented experimental testing of a small-scale
adaptive planar truss that counteracts loading through controlled
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FIGURE 12 | External load on node 2, 4, 6, and 8 (load case LL1). (A) No shape control. (B) Shape control.

large shape changes. This structure was designed using a design
method outlined in section Design Method, which involves a
shape optimization process, through which an optimal shape is
obtained for each load case. This way the design is not governed
by peak loads. Stress homogenization through shape control
allows a structure to operate closer to design limits maximizing
material utilization and thus saving embodied energy with
respect to a passive structure.

Stress homogenization has been quantified by comparing
the mean and standard deviation of the element stress for the
adaptive structure to those of an equivalent weight-optimized
passive structure. Although the cross-section of the elements in
the adaptive structure are smaller than those in the passive one,
both mean and standard deviation of the stress are lower for the

adaptive thanks to shape control. The maximummean reduction
for tensile and compressive stress are 25 and 32%, respectively.
Experimental results show good agreement with numerical
simulations. A minimum Pearson correlation coefficient of 0.86
has been observed. The formulation outlined in this study
treats the element cross section area as continuous variables.
However, the element cross sections are subject to commercial
availability. Future works could look into implementing a similar
optimization process by treating the element cross sections as
discrete variables using mixed-integer programming.

Shape and force control based on the formulation outlined in
this paper requires knowledge of the external load. In this work,
the external load was inferred from sparse strain measurements
(only 8 elements instrumented out of 19) complemented by
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an optical tracking system. The optical system was essential to
close the information gap caused by sparse instrumentation,
especially in situations where nodal coordinates varied through
shape control. However, the use of machine vision may pose a
reliability risk in practice as the monitoring of nodal coordinates
may fail when multiple reflective markers are occluded. Methods
that mitigate this failure could be subject of future investigation.

Since experimental testing was carried out at a small scale,
the effect of the structure self-weight and that of the actuators
is negligible. However, this effect becomes significant with scale,
especially due to the weight of the actuators, and thus it is
important to include it in optimization and control. An approach
proposed in Senatore et al. (2019) is to estimate the weight
of an actuator by assuming it is proportional to the required
force capacity.

CONCLUSIONS

The results of this study lead to the following conclusions:

• Experimental testing on a small-scale prototype has
demonstrated that stress homogenization through large-
shape changes is feasible. This enables an adaptive structure
to operate closer to design limits maximizing material
utilization and thus saving embodied energy with respect to a
passive structure.

• The geometrically non-linear force method (NFM) outlined in
section Quasi-Static, Non-linear Geometric Shape and Force
Control offers an efficient way to control the shape of a
reticular structure under quasi-static loading as shown by the
good accordance between simulation and measurement.

• Detection of the applied loading is necessary for non-linear
shape and force control.

It is expected that tests on similar full-scale reticular structures
designed using the design method outlined in this work will lead

to similar conclusions. Experimental testing at a small scale has
allowed model validation without including the effect of node
stiffness on internal forces and nodal displacements, as well as
how this effect behaves with scale. For this reason, further work
will involve testing on a larger scale prototype adaptive structure.
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NOMENCLATURE

A Equilibrium matrix

E Young’s modulus

I Second moment of area

Q Tanimoto similarity index

Sd Shape influence matrix

Sf Force influence matrix

dt Optimal (target) shape

dcm Controlled shape (measured)

dcs Controlled shape (simulated)

dinput Initial shape

f Internal forces

ft Optimal (target) forces

1dc Controlled shape change

1dcm Controlled shape change (measured)

1dcs Controlled shape change (simulated)

1dt Target (optimal) shape change

1f Change of internal forces

1fc Controlled change of internal forces

1ft Target (optimal) change of internal forces

g Material energy intensity

i ith element

j jth load case

l Element length

1l Control commands (actuator length

changes)

nact Number of actuators

ncd Number of controlled degrees of freedom

nd Number of degrees of freedom

ne Number of elements

nn Number of nodes

np Number of load cases

p External load

x Design variable vector: α, f, 1d

y Actuator positions (actuator layout)

α Element cross-section areas

X Mapping between external load and

shapes

φ Computation of internal forces and shape

given control commands

φ−1 Computation of control commands given

target internal forces and shape

ρ Material density

σc Ultimate compressive stress

σ t Ultimate tensile stress

CSA Constrained simulated annealing

LL Live load

NFM Non-linear force method
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