
Abstract
The aim of this paper is the analysis, proposal and application

of a structural tensegrity configuration for greenhouses supporting
structures suitable for lightweight covering, based on principles of
design coherence, material savings and building durability. 

By means of the FEM software, Sofistik®, a tensegral green-
house prototype was modelled and designed in accordance with
EN 13031-1:2019. 

In order to calibrate the results of the FEM analysis, experi-
mental load tests and displacement measurements made with a
tensegrity reduced scale model on a tensegrity reduced scale
model, created at the Department laboratory of the University of
Bari, were compared with the results of the calculation analysis.
The displacements of the prototype selected nodes were detected
by Target tracking Technology in two load configurations and a
control transducer was positioned on the central structural node.
The comparison among the displacements of the detected nodes
with those resulting from the FEM software calculations, for two
different load configurations, show average percentage errors of
7.1% and 12.55%. The results of the T test for the different load
configuration point out that the two series of values experimental-
ly detected and calculated by the software are not significantly dif-

ferent. Finally, results in terms of the structural steel weight and
maximum stress of the tensegral structure were compared with
those of commercial structures, both with vaulted roof and duo-
pitched roof, of single span greenhouses having the same covered
ground area of the greenhouse prototype. The proposed tensegrity
greenhouse prototype showed a 9.6% and 35.2% reduction of the
structural steel weight compared to the vaulted roof and to the
duo-pitched roof greenhouse respectively. 

Introduction
Greenhouse surface cultivation has increased worldwide over

the last decades thanks to the high demand of vegetable and flower
production (Giacomelli et al., 2012). Despite the innovative
cladding systems and materials (Stefani et al., 2007; De Salvador
et al., 2008; Vox et al., 2012) developed for both indoor climate
equipment and cultivation techniques, the construction character-
istics of greenhouse structures are still the traditional ones, i.e.
duo-pitched roof greenhouses, vaulted roof greenhouses and tun-
nels. The aim of this research work is to develop with a prototype
of a new supporting structure system for greenhouses, in order to
obtain large free span in cultivation area, to enhance the behaviour
of the structural construction material and to reduce the impact of
both the structural weight and the structural shading on the culti-
vated internal area (Fuina et al., 2020). For this purpose, a struc-
tural tensegrity configuration suitable for lightweight cladding
system buildings, like greenhouses, is proposed.

The term ‘tensegrity’ applied to innovative structures results
from the merger of the words ‘tensional’ and ‘integrity’ and
describes reticular structures formed by compressed elements
‘immersed’ in a continuous network of tense cables. Tensegrity
technology allows the construction of structures suitable for cov-
ering large spans, thanks to the relatively small number of ele-
ments necessary for the structure, their level of prefabrication and
their fast assembly (Nenadović, 2010). The mechanics of tensile
systems compared to conventional structural systems has a num-
ber of advantages, because forces are naturally transferred along
their shortest path to resist external loads, therefore only axial
forces are generated. Indeed, tensile systems are able to vibrate
and transfer loads, therefore they can absorb shocks and vibrations
and, moreover, they can be extended indefinitely by assembling
additional structures (Bansod et al., 2014). Another fundamental
characteristic is the lack of connection between the compressed
elements, that produces a linear response of the nodes of the
tensegral systems (Tibert and Pellegrino, 2003) and makes them
interesting for the construction of ‘intelligent’ and ‘foldable’ struc-
tures. In fact, studies on the automated control of tensegrity struc-
tures are increasing (Sultan, 2014; Veuve et al., 2016; Kan et al.,
2018). The possibility of creating many different shapes for
tensegrity structures is a feature that makes this type of structure
interesting from the point of view of engineering applications.
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However, it may be a problem to identify the appropriate shape for
these structures, since not all configurations of the structural ele-
ments can ensure system stability (Masic, 2004). The principle of
tensegrity structures, despite being relatively recent, is becoming
increasingly important also in the field of civil engineering and
architecture. These tensile systems are configured thanks to their
basic characteristics as structures capable of reacting to external
and dynamic loads even by changing their configuration (Ali and
Smith, 2010). This characteristic would therefore make the struc-
tures capable of responding to external actions, due for example to
earthquakes, climatic actions like wind and snow, or thermal loads
(d’Estree Sterk, 2003).

A particular type of tensegrity system is the ‘cable dome’ that
has inspired this research work. Geiger and Levy successfully
applied tensegrity dome systems to structures with large spans, for
example in the 1985 Seoul Olympic Games gymnastics and fenc-
ing arenas (Figure 1), and in the 1994 Atlanta Olympic Games sta-
dium (Motro, 2003). The tensegrity domes effectively combine a
low structural mass with large spans, reaching 92 m for Seoul sta-
dium and 227 m for Atlanta stadium.

According to Figure 1, we can identify two types of structural
components: the compressed bars and the tensioned cables.

This research work is intended to propose a tensegrity structure
suitable for the construction of greenhouses, that require large
spans to increase the usable crop cultivation area, with thin struc-
tural sections to minimize the shading and a modular and easy-to-
install structural element. It also envisages the possibility of using
tensile structures for lightweight greenhouse facilities (Scarascia-
Mugnozza and De Luca, 1990; Scarascia-Mugnozza, 2003). The
most common types of greenhouses are often damaged due to a
lack of a correct structural design to withstand the wind load and
the snow load (Castellano et al., 2004; Waaijenberg, 2004; Kong et
al., 2014; Briassoulis et al., 2016; Dougka and Briassoulis, 2020).
Therefore, the aim is to analyse different greenhouse structural
systems able to adapt to the external load conditions. 

Materials and methods
In order to determine an appropriate structural tensegrity con-

figuration for greenhouses, a structural prototype of a tensegrity
greenhouse with rectangular plan was designed in agreement with
the EN 13031-1:2019 (European Committee for Standardization,
2019). In Italy this standard is not mandatory, therefore structural
failures can occur, even for large greenhouse constructions, due to
unfavourable very intense weather events.

For the purpose of validating the structural behaviour of the
tensegrity prototype, the results of the FEM design software were
calibrated with experimental tests carried out in the laboratory of
the Department of Agricultural and Environmental Science of the
University of Bari on a reduced scale (1:7) structural model.
Finally, the results in terms of structural weight incidence per
square meter of covered surface were compared with those
obtained for commercial duo-pitched and vaulted greenhouses.

The design of the greenhouse supporting structure roof proto-
type was created starting from the simplest tensegrity configura-
tion consisting of a truss made of two tension cables and a com-
pressed strut (Figure 2A). In order to decrease the strut buckling
length, in the second step two struts were inserted between the
cables (Figure 2B). In the last step, a third strut and a secondary
cable were added to split the system into multiple sections, thus
creating a truss with three struts and three cables (Figure 2C).

The design hypothesis of the greenhouse prototype roof,
derived from the truss scheme of Figure 2C, consists in two tenseg-

rity trusses with a 15.86 m span, placed along the diagonals of the
rectangular plan area of 9.50×12.70 m (Figure 2D). The trusses are
hinged on the corners of the frame consisting in four columns
joined with four beams. No lateral stability systems are foreseen
for the main frame due to the fixed joint constraint at the base of
the columns.
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Figure 1. Structural scheme of the Seoul Olympic Games gymnas-
tics and fencing arenas (92 m span). The compressed bars are
shown in bold; the tense cables are shown with a thin line.

Figure 2. A) Tensegrity configuration with two cables and one
strut. B) Tensegrity configuration with two cables and two struts.
C) Tensegrity configuration with three cables and three struts. D)
Structural scheme of the prototype tensegrity roof.
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Theoretical models 
The designed structure was modelled using a finite element

software, SOFISTIK® 2014. The finite element method (FEM)
used in the software is a displacement method and the mechanical
behaviour is calculated with an energetic principle (minimization
of the deformation energy). Struts and cable elements can transfer
only axial forces. In the case of a non-linear analysis, the cable ele-
ments cannot support compression forces. Non-linear calculations
make it possible to take into account the failure of particular ele-
ments, such as cables under compression. The non-linear material
behaviour complies with the elastic-plastic law, which in turn com-
plies with von Mises principle and includes hardening.

The designed prototype structural module has the following
geometrical characteristics (Figure 3): rectangular plan with
dimensions of 9.50×12.70 m and covered area of about 120 m2, a
gutter height of 3.50 m and a ridge height of 5.40 m, the slope of
the two roof pitches with respect to the horizontal plane of 18° and
22°. Cables are 6×7 steel core wire ropes of stainless steel AISI
316, with a diameter of 14 mm and a tensile strength 1470 N/mm2.
Struts have a hollow circular section in S235 steel with a diameter
of 44.5 mm and a thickness of 2.9 mm. As to the lower frame of
the structure, columns are in S235 steel with a hollow circular sec-
tion and have a 139 mm diameter and a 5 mm thickness. The 12.7
m-long beams are in S235 steel with a hollow circular section and
have a 159 mm diameter and a 6 mm thickness, while the 9.5 m-
long beams have a 152 mm diameter and a 3 mm thickness.

The structural self-weight of the designed tensegrity green-
house was then compared with the two widespread commercial
greenhouse structures, a duo-pitched roof greenhouse and a vault-
ed roof greenhouse in the single span configuration, with the same
horizontal cultivation area of 120 m2, and the same gutter height of
3.5 m. 

The vaulted roof greenhouse (Figure 3) had the following
structural features: ridge height of 5.9 m, columns with a IPE 120
section, roof arch having a hollow circular section with a 65 mm
diameter and a 4 mm thickness, support elements having a hollow
circular section with a 30 mm diameter and a 2 mm thickness. In
the duo-pitched roof greenhouse (Figure 3), the ridge height was
5.9 m and the structural roofing elements had hollow rectangular
sections of 80×50 mm and a 6 mm thickness, columns had a
IPE120 section, the support elements had a hollow square section
of 30×30 mm diameter and a 3 mm thickness. All structural ele-
ments of both the duo-pitched roof and the vaulted roof green-
house were designed in S235 steel. An elastic modulus of 210 GPa
was used for the calculation of all steel structures. Only for the
cables a modulus of elasticity equal to 195 GPa was considered.
All structural sections of the three types of greenhouses were

designed by optimizing each structural element subject to the
stress produced by the same design loading condition, using com-
mercial steel sections. In order to proceed whit a correct structural
comparison, accessory systems such as ventilation openings and
roofing material fixing frames were not considered.

Calculation criteria
The design of the structural prototype of the tensegrity green-

house (Figure 3) and the construction of the reduced scale struc-
tural model (Figure 4) were implemented by means of the EN
13031-1 (European Committee for Standardization, 2019).

The loads acting on the structure were determined based on the
geographical location of the hypothesized structure according to
the Italian Technical standards for Constructions: zone III for snow
actions, zone III for wind actions and an elevation less than 200 m
above sea level (Ministero delle Infrastrutture e dei Trasporti,
2018). 

On the basis of this EN, we considered a minimum design
working life for the structure of 15 years and a greenhouse type
class B15, because Class B refers to greenhouses in which the
cladding system can tolerate frame displacements resulting from
the design actions. Therefore, with reference to the EN, we
assumed 15 years as the minimum reference period for determin-
ing the characteristic values of the variable actions. 

The characteristic values of the actions, referred to a return
period of 50 years according to the Italian Technical standards for
Constructions (Ministero delle Infrastrutture e dei Trasporti, 2018),
were reduced to a return period of 15 years through the adjustment
factors indicated in the EN: fw(n) for wind loads and fs(n) for snow
loads (Table 1). These loading characteristic values of the actions
were taken into account as distributed loads for the FEM model.

Regarding the calculation of the permanent actions on the
greenhouse structures, we considered a covering material in single
plastic film sheet of negligible weight.

The most severe combination of design values of the actions
that may occur simultaneously was the load combination on the
structures explained as combination a1) in the EN 13031-1, where
the wind action is the leading variable action: 

  
(1)

Table 1 shows the design values used for the a1) combination
of actions.

Experimental tests
Load tests were carried out on a reduced scale model 1:7 of the
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Figure 3. Tensegrity greenhouse prototype compared to commercial duo-pitched and vaulted roof greenhouses structures.
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tensegrity greenhouse designed and built in the DISAAT laborato-
ry of the University of Bari. In order to calibrate the structural
analysis results, a comparison was made between the measured
displacements of the experimental loaded nodes with the calculat-
ed displacements of the same nodes obtained by means of the FEM
software Sofistik®. The geometrical characteristics of the reduced
scale 1:7 model were the following: rectangular plan of 1.35×1.80

m, gutter height of 0.50 m, covered area of 2.43 m2. The model
was built with an AISI 316 stainless steel wire rope, with central
tensioner, using 133 wires with a 5 mm diameter, construction of
6×19 M WSC, and strength of 1470 N/mm2. The struts were made
of AISI 316 steel with a circular hollow section with a 20 mm
diameter and a 2 mm thickness. The pillars and beams of the struc-
ture lower frame were built and welded together in S355 steel with
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Table 1. Design values of actions and coefficients for the load analysis for the a1) combination of actions.

*In order to show the calculation of the partial factor, only the example of the calculation of the partial factor gG1 for permanent actions were reported.

 
Gk1 Characteristic value of the permanent actions (self-weight of structural element) 
!G1 Partial factor !G1 = KFi,G1 !F,G1,CC2 =9.0!1.3=1.17* 
!F,G1,CC2 Partial factor of permanent actions for the reference consequence class CC2, according to Italian 

Technical standards 
KFi,G1  Consequence factor for permanent actions depending from design working life 
Qk1 Characteristic value of the wind actions Qk1 = fw(n) qwind cp 
fw(n) Adjustment factor for wind load =0.86 
qwind Kinetic pressure value of wind actions according to Italian Technical standards (zone III) =0.45 

kN/m2 
cp Pressure coefficients for duo-pitched roof and vaulted roof structures defined respectively in the 

EN annexes B.2.2 and B.2.3. Pressure coefficients for the tensegrity roof shape are defined 
according to Italian Technical standards 

Gk2 Characteristic value of the permanently present installation actions 
!G2 Partial factor !G2 =1.35 
Qk2 Characteristic value of the snow actions Qk2 = fs(n)si,n,t = fs(n) µi ct sk,n 

fs(n) Adjustment factor for snow load =0.63  
µi Shape coefficient =0.8 
ct Thermal coefficient =1.0 
sk,n Reference value of snow load on the ground according to Italian Technical standards (zone III) 

=0.60 kN/m2 
!Q2 Partial factor !Q2 =1.35  
"Qk2 Combination coefficient for snow action "Qk2 =0.50 according to Italian Technical standards 
Qk3 Characteristic value of the crop actions for tomatoes or cucumber crops =0.20 kN/m2 
!Q3 Partial factor !Q3 =1.35 
"Qk3 Combination coefficient for crop action "Qk3 =1.0 value is defined in the EN 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. A) Reduced scale structural model prototype built at the Department laboratory of the University of Bari. B) Target tracking
technology scheme of the selected loaded nodes of the structural prototype for the displacements analysis.
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hollow square profiles 40×40 mm and a 3 mm thickness. The
nodes between cables and struts were assembled using M8 lifting
eyebolts. The hooking of the cables to the eyebolts was made using
stainless steel shackles with a pin diameter of 5 mm (Figure 4). 

Four concentrated loads were progressively applied in four
steps of 0.1 kN each to nodes 1, 2, 3 and 4 (Figure 4B) of the mod-
elled structure in order to simulate a real load combination on the
reduced scale model. Indeed, if the sum equal to 1.60 kN of the
four final concentrated loads of 0.4 kN each is spread over the sur-
face area of 2.43 m2, it would correspond to a uniformly distribut-
ed load of 0.66 kN/m2. In fact, with reference to the design values
of actions in accordance with both the Italian Technical standards
for zone III and the EN, the characteristic value of the snow actions
is 0.60×0.80×0.63=0.30 kN/m2, the characteristic value of the crop
actions is 0.20 kN/m2 and the characteristic value of permanently
present installation actions is 0.13 kN/m2, for a total roof uniform-
ly distributed load of 0.63 kN/m2.

During the loading tests each single concentrated load was
applied hanging 4 modules of 0.1 kN to the eyebolts of nodes 1, 2,
3 and 4, corresponding to 4 struts (Figure 4A and B), in order to
get an appropriate load progressiveness.

Two-load experimental configurations were implemented: i)
the symmetrical load configuration ‘A’ when the four nodes 1, 2, 3
and 4 were simultaneously loaded with modules of 0.1 kN progres-
sively applied and increasing up to 0.4 kN; ii) the asymmetrical
load configuration ‘B’ when only the nodes 1 and 2 were simulta-
neously loaded with modules of 0.1 kN progressively applied and
increasing up to 0.4 kN. 

We repeated both the load experimental test configurations A
and B 5 times. The node displacements were measured and gath-
ered for each application of the 0.1 kN symmetrically and asym-
metrically concentrated load. 

During both loading test configurations A and B, a pretension
of 36 N/mm2 was applied to every cable of the experimental struc-
ture by means of the tensioner.

The nodal displacements of the selected points of the reduced
scale model, the five nodes from n. 1 to n. 5 (Figure 4B), were
detected by means of the digital image correlation (DIC) and
Target tracking technology, which are methods for non-contact dis-
placement monitoring in digital image processing (DIP). The posi-
tion of a specific target in each frame of the image was detected
setting a target board on the monitored point. The measurement of
the single point displacement was evaluated by the target board
displacement after processing the sampled image. The target board
for sampling was designed with a checkerboard geometric pattern.
Through a code written in C ++ ®, the positions of the centre of
each target were correlated starting from the reference system of
the camera (in black) with the positions in the chosen reference
system (in red) (Figure 4B). The technology was used for struc-
tural monitoring (Franco et al., 2017; Ngeljaratan & Moustafa,
2020). 

Finally, with the aim of verifying the accuracy of the vertical
displacements detected by the Target tracking technology, a trans-
ducer with a precision of 0.1 mm was positioned only at node n.5
and the related measurements were gathered during the experimen-
tal tests.

Results and discussion
The obtained results concerning both the symmetrical and the

asymmetrical configuration experimental loading tests, the calcu-
lation design of the tensegrity greenhouse prototype and of the cor-
responding commercial production single span greenhouses were

analysed and compared. By means of the results of the node dis-
placements, gathered during the experimental load tests, it was
possible to calibrate the calculation model of the tensegrity green-
house.

Moreover, the FEM software calculations of the structural
weight, the maximum stress and the maximum displacements at
the eaves height of the tensegrity greenhouse were compared and
analysed with the corresponding results obtained for the commer-
cial greenhouse structures with the aim to evaluate the alternative
use of tensegrities for greenhouse structures.

Calibration of the model 
Figure 5 shows the average values of node n. 5 displacements,

for the reduced scale structural model tensegrity prototype, detect-
ed by means of the Target tracking and the control Transducer tech-
nology, during the symmetrical and asymmetrical configuration
experimental loading tests, compared with the corresponding dis-
placements calculated by means of the FEM software.
Displacements were measured along the vertical direction (z of the
reference system), assuming the zero dimension in the undeformed
unloaded configuration for each node. Results have positive values
in case of downward displacements and negative values in case of
upward displacements.

The results of the transducer system and software-calculated
curves of node n. 5 displacements showed the same trend for the
symmetric and asymmetric load configuration A and B, while the
results of Target tracking and software-calculated curves showed
the same trend for the symmetric load configuration A (Figure 5).

Target tracking and software-calculated curves diverge only
for lightweight loading conditions in the asymmetric load configu-
ration B, for very small software-calculated displacements of node
n. 5 (Figure 5).

Tables 2 and 3 show the results of the vertical nodal displace-
ments of the experimental reduced scale model, according to the
different load configurations A and B, measured by means of two
different methods, Target tracking technology (TA for the nodes
n.1, 2, 3, 4, 5) and Transducer system (TR for the node n. 5). For
the comparative analysis between the experimental results and the
software-calculated ones, both percentage errors and T tests were
considered.

For the symmetric load configuration A (Table 2), the soft-
ware-calculated displacements of nodes n. 1, 2, 3 and 4 are shown
together in the second column, because they are identical values. 

Instead, for the asymmetric load configuration B (Table 3), the
software-calculated displacements of nodes n.1 and n.2 are shown
together in the second column, because they are identical values.
The same applies to nodes n.3 and n.4 shown in the seventh col-
umn.

Under the symmetric load configuration A (Table 2) the maxi-
mum percentage error among the displacement values detected by
the target and the software was 24.0%, and the average percentage
error was 7.1%, while the maximum and average percentage errors
among the displacement values detected by the transducer and the
calculated ones were 8.0% and 2.6% respectively.

Under the asymmetric load configuration B (Table 3) the max-
imum percentage error among the displacement values detected by
the target and the software was 50.6%, and the average percentage
error was 12.55%, while the maximum and the average percentage
errors among the displacement values detected by the transducer
and the calculated ones were 9.8% and 5.7% respectively. For this
loading configuration, it can be pointed out that the maximum per-
centage errors were gathered for nodes n. 5, 50.6% error, and node
n. 3, 33.8% error, both for the Target tracking measurement tech-
nology. Moreover, node n. 3 showed the maximum error (24.0%)
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also for the load configuration A, and the errors happened for all
the mentioned cases during the first loading application step of the
100 N concentrated load. Even the Transducer system method
showed the maximum percentage errors for node n. 5, much lower
than the Target errors, during the first 100 N loading application
step for both load configurations A, 8.0% error, and B, 9.8% error.

The remarkable deviation of the measured target values of
node n.5 in the asymmetric load configuration B for the first load-
ing step (100 N) may be caused by the very small values of the
software-calculated displacements: only 0.5 mm (Figure 5 and
Table 3). Probably the settlements of the structural elements con-
verging in the same top node of the reduced scale structure
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Table 2. Vertical displacements of nodes from n. 1 to n. 5 for the load configuration A.

SO, displacements resulting from Software; TA, average value±standard deviation of displacements detected by Target Technology; TR, average±standard deviation of displacements detected by Transducer system;
ERR TA-SO, percentage error between values detected by Target and software values; ERR TR-SO, percentage error between values detected by Transducer and software values.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!"#$%
&'(

)*%
&++(

,-%%&++( .//%%
&0( ,-%%&++( .//%%

&0( ,-%%&++( .//%%
&0( ,-%%&++( .//%%

&0(
)*%%%
&++( ,-%%&++(

.//%
,-1)*%
&0(

,/%%&++(
.//%
,/1)*%
&0(

! 232 232 232 232 232 232 232 232
"!! 435 434%!%637 836 434%9%:;4 836 837%9%632 :432 436%9%234 <3< 635 63=%9%238 43< 63=%9%236 >32
#!! =37 =38%9%2;5 :35 536%9%832 6>36 73<%9%23= :63= =32%9%237 53> 83= 834%9%238 73= 835%9%236 238
$!! <34 623:%9%2;> <38 >36%9%83> 6835 >37%9%234 <35 <37%9%238 63< 737 73:%9%234 737 737%9%236 234
%!! 663: 6:37%9%23= 663< 623:%9%83> >38 623<%9%237 :35 6:38%9%235 <3< =37 =32%9%234 =32 =38%9%236 63=

!*-?%@*'ABCD/-,B*'%-
6 : 8 4 7

Table 3. Vertical displacements of nodes from n. 1 to n. 5 for the load configuration B. 

SO 1-2, displacements resulting from Software for nodes 1 and 2; SO 3-4, displacements resulting from Software for nodes 3 and 4; TA, average value±standard deviation of displacements detected by Target Technology;
TR, average±standard deviation of displacements detected by Transducer system; ERR TA-SO, Percentage error between values detected by Target and software values. ERR TR-SO, percentage error between values
detected by Transducer and software values.

Figure 5. Average values of the measured vertical displacements of node n. 5 for the load configuration A (in blue) and for the load
configuration B (in red) compared to the calculated vertical displacements (dashed line). 
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occurred in asymmetric conditions, after the starting low loading
conditions that caused almost zero displacements of node n. 5.
Indeed, as the displacements data realigned for more severe load
conditions (200-300-400 N), the values detected by the Target
tracking technology were comparable with those detected by the
Transducer system, and both showed a low percentage error (Table
2 and 3), when compared with the still small software-calculated
values (0.8, 1.0 and 1.2 mm).

All the results confirmed that it is important to perform a ver-
ification by means of the Transducer system with a precision of 0.1
mm to check the accuracy of the vertical displacements experi-
mental data detected by the Target tracking technology. Indeed, we
can say that the Target tracking technology has poor precision in
case of very small displacement values. 

The root mean square error was calculated on the data collect-
ed by Target tracking in the load configurations A and B. The val-
ues obtained were normalized with respect to the maximum dis-
placement value recorded in each test, obtaining normalized
RMSE in both configurations equal to 8%.

Moreover, after a statistical analysis of the experimental
results, the average of the values detected by Target Tracking mea-
surement method for each node, according to the load configura-
tion, was compared with the values obtained by the software-cal-
culated displacements through a T test. The outcome of the T test
for both load configuration A and B was 0.73, therefore we can say
that the two series of values experimentally detected and calculat-
ed by the software are not significantly different.

The experimental results of the displacements on the loaded
tensegrity scale model, obtained by means of two different mea-
surement technologies, fitted well with the results of the calcula-
tion made by FEM software. Therefore, it is possible to state that
the calculation software calibrated well for the proposed structural
model of the tensegrity greenhouse prototype.

Structural design and comparison with commercial
greenhouses

After having demonstrated the correct design methodology of
the innovative prototype structure, it was possible to develop and
verify the structural project of a tensegrity greenhouse,  and make
a comparison of the tensegrity greenhouse structure with the vault-
ed roof and duo-pitched roof commercial production single span
greenhouse structures (Figure 3) with the same covered ground
area. For this purpose the maximum displacement of the columns
at the height of the eaves, the maximum displacement of the ridge
of the roofs, the distribution of the bending moments, the maxi-
mum stresses and the weight of the steel structure per square meter
of the three different structures under the same design loading con-
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Figure 6. Deformed configuration of the greenhouses under the
a1) combinations of actions. The deformation scale factor is
equal to 1 for the tensegrity greenhouse and equal to 10 for duo-
pitched and vaulted greenhouses. 
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Table 4. Structural steel weight per square meter, maximum vertical displacement of the roof ridge, maximum displacement of the
columns at the eave height, maximum bending moment and normal stress of the most stressed columns of the different greenhouses
under the same design loads of the combinations of actions a1).

 Tensegrity greenhouse  Duo pitched greenhouse  Vaulted roof greenhouse 

Structural steel weight per square 
meter [N/m2] 91.4 141.1 101.2 

Max vertical displacement of the 
roof ridge [mm] 138.7 8.97 12.6 

Max horizontal displacement of 
columns at the eave height 

[mm] 
62.1 37.7 51.0 

Max stress 
At the base of the columns 

N=29.0 KN 
M=13.8 kNm 

N=11.6 KN 
M=11.2 kNm 

N=11.0 KN 
M=11.9 kNm 
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dition were computed, analysed and compared.
In order to develop and verify the supporting structures of the

types of greenhouses considered, we applied the heaviest load con-
dition among the combinations of actions recommended by the
EN. The heaviest load condition we calculated on the analysed
greenhouse structures was the combination of design actions clas-
sified by the EN as a1) and shown in Table 1.

Moving on to the full-scale software model of the tensegrity
greenhouse the order of magnitude of the displacement of the
columns at the gutter level was equal to 62.1 mm under the a1)
combination of actions (Figure 6). With the same loading combi-
nation, the vaulted roof greenhouse and the duo-pitched green-
house underwent a maximum displacement of columns at the gut-
ter level equal to 51.0 mm and to 37.7 mm respectively (Table 4).

The most severe values of the bending moments occurred at
the base of the columns for the tensegrity, the vaulted roof and the

duo-pitched greenhouse structures (Figure 7A-C), while they
occurred also on the compressed perimeter ring beams at the
height of the eaves for the tensegrity structure in the rectangular
ring plane. 

The outcomes of the bending moments and the normal stress
distribution on the three analysed greenhouse structures showed a
quite different structural behaviour of the tensegrity greenhouse
compared to that of the traditional greenhouse structures. Indeed,
the roofing system of traditional greenhouses could be assimilated
to a truss girder in which structural elements are prevalently sub-
ject to compression or traction forces with low levels of bending
moments. The planar behaviour of the frames of both the duo
pitched and the vaulted roof greenhouses, having six columns on
each sidewall, induced maximum bending moments only at the
base of the columns. On the other hand, the spatial behaviour of the
proposed tensegrity structure having two columns on each side of
the perimeter wall gave the maximum bending moment (with
respect to the z-axis in the x-y ring plane) on the perimeter ring
beams subject to the combined bending and compression forces. In
this case, cables and struts of the roofing system of the tensegrity
structure were only subject to traction and compression forces
respectively.

As regards to the maximum vertical displacement of the roof
ridge, the tensegrity structure showed a greater displacement
(138.7 mm) that occurred to the cables and struts portion of the
structure and did not involve the deformation of the structural
beams and columns unlike what happened in the compared green-
houses (Figure 6). The designed tensegrity structure had only 4
columns subject to stress and displacements in comparison to the
12 columns of the commercial greenhouse structures and, conse-
quently, only 4 foundation plinths.

Table 4 shows the highest bending moments and the associated
normal stress of the columns for the three structures and summa-
rizes the main differences between the three structures. Comparing
the overall structural steel weight per square meter of the green-
house covered area, without considering the effect of the founda-
tions, the tensegrity structure (93.7 N/m2) is lighter than the tradi-
tional commercial steel greenhouse constructions (Table 4).

The tensegrity greenhouse, thanks to the cables and struts
structural geometry of the roof, made it possible to achieve a
reduction of the structural steel weight per square meter of 9.6%
less than a vaulted roof greenhouse and of 35.2% less than a duo-
pitched greenhouse. Therefore, also a lower structural shading
(Fuina et al., 2020) on the ground cultivation area can be obtained.

Conclusions
In this paper a prototype of a tensegrity greenhouse was

designed in agreement with the EN 13031-1:2019 and the Italian
national construction standards in order to propose innovative
structures suitable for lightweight cladding system, large free span,
reduction of the structural weight and the structural shading on the
inside cultivation surface.

With the aim of validating the structural behaviour, the results
of the FEM software calculation were calibrated with experimental
tests carried out on a reduced scale model. Node displacements
measurements, detected by means of the DIC and the Target track-
ing technology, under different load configurations, showed that
the experimental data fit well with the results of the calculation
made by FEM software. 

The Root Mean Square Error, normalized RMSE and T test of
the measurements data processing showed that there are no signif-
icant differences among experimental and calculation results.

                             Article

Figure 7. Bending moment (kNm), with respect to y-axis, of the
calculated greenhouse structures under the a1) combination of
actions: A) tensegrity greenhouse; B) duo-pitched greenhouse; C)
vaulted roof greenhouse. 
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Finally, the results in terms of structural weight incidence per
square meter were compared with those obtained from the analysis
of commercial greenhouses and made it possible to obtain a reduc-
tion in the structural steel weight per square meter by 9.6% com-
pared to a vaulted roof greenhouse and by 35.2% compared to a
duo-pitched greenhouse. 

The structural behaviour of the tensegral greenhouse can rep-
resent an advantage, because the structural elements, cables and
struts, which make up the roofing system, undergo significant dis-
placements, but are also recoverable once the structure is unload-
ed, allow a saving of both structural steel and foundation and
induce a lower structural shading on the ground cultivation area.
Future research will deal with multi-span tensegrity greenhouses
for large horticultural plants and with the design effects of the ven-
tilation openings, covering material supporting systems and foun-
dations. 
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