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Abstract
Origami art has found numerous engineering applications. Many studies show that folding structures are the source of 
the desired system characteristics. In this article, we discuss the design of a beach umbrella based on the principles of 
origami and the study of its optical and mechanical properties. The main requirements for the designed model are that 
it should reduce the harmful effects of solar radiation on human health, should be compact for storage, and not collapse 
in the wind. To demonstrate the optical and mechanical properties of the designed model, the developed recursive ray 
tracing algorithm is used to simulate the propagation of light rays through the designed paper origami-based structure 
and the numerical simulations are performed using the commercial software ANSYS and LS-DYNA to study the behavior 
of the designed origami-based structure under lateral forces as well as its folding behavior. A combination of ray tracing 
approach and an optimization technique based on the genetic algorithm for modifying the developed model is also 
discussed. Simulation results are presented in the illustrations.

Keywords Origami design · Geometric optics · Ray tracing technique · Optimization · Finite element simulation · 
Kinematic modelling

Mathematics Subject Classification 68U05 · 68U20

1 Introduction

The sun is a source of ultraviolet (UV), which has a ben-
eficial and at the same time very harmful effects on 
human health. UV light is electromagnetic (EM) radiation 
with wavelengths λ in the range of 100–400 nm. The UV 
radiation with the wavelength range from 200 to 400 nm 
reaches Earth’s surface through the atmosphere and the 
ozone layer.

According to the World Health Organization, UV radiation 
causes between 50 and 90% of skin cancers, strongly affects 
the immune system, and has a damaging effect on the retina 
of the eyeballs [1]. Radiation protection, such as sunscreens, 
sunglasses, umbrellas, wide-brimmed hats, or clothing, is 
necessary for everybody to avoid excessive exposure during 

their daily life. Umbrellas and beach tents provide limited 
sun protection. Any clothing cannot give 100% skin protec-
tion from UV light. If light is seen through the fabric to the 
lumen, it means that it also passes UV radiation. UV light is 
sufficiently retained by dense fabrics of cotton, flax, hemp, 
and natural silk fabrics do not protect against solar radiation. 
Bright or shiny clothing reflects more UV radiation than light 
and bleached cotton fabrics. Polyester material blocks ultra-
violet maximally. A wool knitted fabric with the optimized 
parameters such as fiber diameter, yarn linear density, yarn 
twist, cover factor setting can provide high UV protection to 
human body [2]. Human skin can be exposed to solar radia-
tion under clothing. Many protective agents, such as creams 
and ointments, are not waterproof and require repeated use 
after intense sweating with a negative effect on the skin. In 
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the open air, sunscreens, wide-brimmed hats, and umbrellas 
can be served based on special materials and structures with 
high SPF (Sun Protection Factor). Nevertheless, the problem 
of adequate protection from solar radiation remains, and 
decreasing the light propagation in the media is still an open 
question. As regards the mechanical behavior of sun protec-
tion umbrellas, it should be noted that they break due to 
strong wind pressure along the ribs that are the thin pieces 
of metal that are attached to the fabric. Preventing breakage 
due to a broken mechanism as a result of a strong wind is 
also an important subject for study.

The presented article is devoted to the study of a screen 
for protection from sunlight, such as a beach umbrella, 
which will reduce the harmful effects of solar radiation on 
human health and be resistant to wind pressure.

2  Preliminary theoretical discussion

The challenge is to create a light-protective structure that 
reflects solar radiation and can be used in the manufac-
ture of solar umbrellas and wide-brimmed hats. Due to the 
short wavelengths of UV light compared to the geometrical 
parameters of the desired structure, the problem can be 
solved by means of geometric optics [3].

In this case, the reflective properties of the flat section 
boundaries are described by the Fresnel formulas [4, 5].

The reflection r and the transmission t  coefficients for 
plane waves at an interface are typically obtained using 
Fresnel formulas. It needs to be noticed, that in the absence 
of light absorption r + t = 1 in accordance with the law of 
conservation of energy.

The reflection coefficient r is represented by the Fresnel 
formula:

where φ (the angle between the incident ray and the nor-
mal at the interface) and φ″ (the angle between the nor-
mal at the interface and refracted ray) are the angles of 
incidence and refraction.

When the light falls normally on the interface between 
two media ( � = 0 ), the coefficients r and t can be obtained 
using the Fresnel formulas as follows:

where n1, n2 are the indices of refraction of two media.
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The relationship between refraction indices and the 
angles φ and φ″ is described by Snell’s law and accord-
ing to the law of reflection, the angle of incidence |φ| is 
equal to the angle of reflection |φ′| (the angle between the 
reflected ray and the normal at the interface). From Eq. (2) 
it follows that an increase in the absolute value of the dif-
ference (n2 − n1) leads to increasing light reflection at the 
interface. For summer sun umbrellas and wide-brimmed 
hats, usually light materials are used, i.e. materials with 
a relatively small absorption coefficient. In this case, the 
transmission coefficient is t ≈ 1 − r . Therefore, the task 
is equivalent to the problem of obtaining the maximum 
reflection coefficient. It follows that in the solar radiation 
range the surface with the non-profiled geometry does 
not provide a significant value of the reflection coefficient 
r within the interval [0.9–1]. An analysis of the Fresnel for-
mulas (Eqs. 1, 2) shows that the reflection coefficient r 
increases markedly with increasing the angle of incident 
φ. Such a correlation between parameters r and φ can be 
used to create structures with high reflectance.

The wedge-shaped structure is a potentially promising 
periodic structure. Its characteristic feature is the provision 
of reflection with a large angle of incidence of the wave 
at all reasonably permissible positions of the source. The 
wave is reflected from the profiled structure several times, 
but with much lower reflection coefficients in each case. 
The number of reflections and the angles of incidence on 
the flat faces of the structure depends on the angle γ at 
the apex of a wedge [6].

We consider three values of the angle γ for the profiled 
periodic 2D wedge-shaped structure that is schematically 
shown in Fig. 1:

• For γ = 90°, the number of reflections of the wave inci-
dent from different directions is always two. As a result, 
the gain in the total reflection coefficient is 2–4 times;

• For γ < 90°, the number of reflections increases with 
increasing the angle φ on the flat faces. The problem 
arises of finding the extremum of a function of several 
variables (the values of the angles γ and φ, the dielec-

Fig. 1  The scheme of periodic profiled structure: the fragment of 
the 2D wedge-shaped structure (the red arrows indicate the inci-
dent light rays)
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tric constant of the medium, the thickness of the struc-
ture l, and the height of the wedges h) in the form of a 
reflection coefficient with constraints. Restrictions on 
the solution are acceptable ranges of structure param-
eters (γ, l, h) and the values of the refractive index n of 
the screen material. The minimum value of h can be 
chosen from very small (a few wavelengths) to several 
mm to simplify the technology in a practical implemen-
tation of the structure;

• For γ > 90°, the number of reflections turns out to 
be one or two in some cases. Compared with the 
smoothed structures, the angle φ is increasing (equal 
to γ/2 with normal incidence) that leads to decreasing 
transmission coefficient. The task is to look for the char-
acteristics of the structure in a form of dependences of 
the reflection coefficient (or transmission) on the angle 
γ, the parameters l and h with restrictions taking into 
account a different number of reflections.

For the wedge-shaped structures, zones with a high 
concentration of the incident wave energy may appear at 
the apex of the wedge. This will increase the transmission 
coefficient in this area. To reduce the transmission coef-
ficient, a smoother tip of the wedge is more suitable. It is 
possible to use the rough surfaces ( h ≈ � ) with the regular 
surface profiles. Their use reduces the concentration of the 
energy of the incident wave at the apex of the wedge. In 
this case, probabilistic methods are required for calcula-
tions and modelling. Structures in the form of pyramids 
or cones tightly adjacent to each other and occupying the 
entire screen area can potentially be effective [7].

From the above discussion, it should be concluded:

• In the sunlight range the gain in the reflection coef-
ficient for the periodic profiled structures can be 3–5 
times or more in comparison with the non-profiled 
geometry (a smooth surface);

• The geometrical objects created on the basis of the ori-
gami principles can be considered as the profiled ones 
to increase the number of reflections with increasing 
the angle φ on the flat faces.

Nowadays, origami-based engineering makes it pos-
sible to design structures with remarkable performance 
characteristics. In recent years, the origami approach has 
found application in many engineering areas, such as 
space structures, shelters, sandwich panels, meta-mate-
rials, healthcare, robotics, the origami-inspired EM struc-
tures [8–15]. A method to evaluate the mechanical per-
formance of an origami-structure throughout the design 
process is presented in [16]. The method proposed in [17] 
can evaluate the kinematic indeterminacy and predict the 
folding behavior of symmetric frameworks.

Based on the foregoing, we can formulate the aim of the 
research as follows: to explore the possibility of applying 
an origami approach to create a sun-protection and wind-
resistant structure.

The main objectives of the study are:

(a) To design an origami-based beach umbrella.
(b) To examine the properties of reflection/refraction of 

the designed origami-based structure.
(c) To simulate the mechanical and folding behavior of 

the structure under forces.

To solve the problems, the methods of geometric 
optics, ray tracing technique, finite element method (FEM), 
and finite element analysis (FEA) are used.

3  Umbrella design

There is a good deal of research on UV protection efficacy 
of the beach umbrellas and shade structures with UV-
blocking materials and UV-filter coating [18–22].

In our study, the designed origami-based beach 
umbrella is a flat-folded structure inspired by the simplic-
ity of the Miura-ori unit-cell [23]. The folding/crease pat-
tern is constructed as an eight-sided polygon with eight 
equal triangles. Each resulting triangle represents a unit-
cell with the facets, mountain creases, which are marked 
as red solid lines, and valley creases that are marked 
as dashed blue lines, as shown in Fig. 2a. Each unit-cell 
includes two inner vertices (the intersection points of the 
crease lines). This design satisfies the condition of Kawa-
saki’s theorem [24] related with local flat-foldability that 
is �1 + �3 = �2 + �4 = � for the single vertex (Fig. 2b), and 
Maekawa’s theorem that states: the difference between 
the number of mountain creases and valley creases around 
a vertex is two. The 3D shape is obtained by folding the ini-
tial 2D pattern in a certain way. Cutting the pattern along 
the edge between two unit-cells is performed for the acti-
vation (the directions of the blue arrows show the direc-
tion that the forces are acting) of the developing process 
and forming a compact shape (Fig. 2c, d). For the forma-
tion of the final form of the origami-based umbrella, the 
end unit-cells are connected together, as shown in Fig. 2e. 
This basic umbrella model can be scaled or modified, for 
instance, by the design method presented in [25] for the 
3D origami with an axisymmetric structure. The design 
parameters such as the distance between two inner ver-
tices of the unit-cell and a number of unit-cells can be 
modified. For the numerical simulations, 3D polygonal 
models of origami and traditional umbrella (non-origami) 
were developed (Fig. 2f, g). The polygonal non-origami 
model includes 8 curved unit-cells (almost spherical and 
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resembling traditional umbrella) with the smoothed sur-
faces without ribs or folding parts (the geometrical param-
eters: the diameter D and the height H shown below in 
Fig. 6a). The proposed origami-based model provides a 
sufficient number of folds to study its reflective/refractive 
properties (Sect. 4), the mechanical and folding behavior 
of the structure under the action of forces (Sect. 5).

4  Ray tracing calculation and visualization 
of light intensities

In geometric optics, an assumption is made that in a uni-
form media light travels in a straight-line path, which can 
be approximated by a ray, where the ray is a straight line 
perpendicular to the wavefronts. Ray tracing is extensively 
employed in designing optical instruments, analyzing radi-
ation heat exchange through windows, in acoustics, etc. 
When the light wavelength is much less than the feature 
size of the medium, Maxwell’s equations reduce to the 
eikonal equation, which is the basis of geometric optics 
[26] or the ray tracing method. In computer graphics, ray 
tracing is used for rendering the 3D objects by recursively 
following the path that the incident light takes. Tradition-
ally, the 2D window (screen) is used for assigning a colour 
to each square of the view window.

Our goal is to calculate the light (wave) intensity val-
ues at the points of the 3D view “window”. Volume visual-
ization [27] as the most applicable visualization method 
is used to demonstrate the distribution of light rays 
in the areas below the structures under study. A cubic 

(voxel) volume represents the area of reception of each 
ray location. Following this concept, we define the 3D 
voxel volume with cells/voxels as identical subvolumes, 
where the actual data is accumulated. In our applica-
tion, for convenience, we use an analog of a 3D chained 
list where we can store and modify radiation intensity 
(photon energy) or other data. In the developed Recur-
sive Ray Tracing (RRT) algorithm, a set of refraction/
reflection events is treated as n-layers structure based 
on the Kubelka–Munk (K–M) method [28, 29] for model-
ling reflectance and transmittance. The RRT algorithm is 
implemented using the C++ programming language and 
is designed to study the reduction of light propagation 
through the origami paper umbrellas.

In the current stage of the project, we consider only 
calculations of light intensity based on the detection 
of the intersections between rays and volume cells. 
However, the contribution of each individual ray to the 
resulting 3D vector field can allow one to calculate the 
electric field strength amplitude, phase, and polariza-
tion for each position on an arbitrary ray at a specified 
distance from the source. The reflected wave front is 
represented by a finite set of reflected rays depending 
on the intersected surface. The Oren–Nayar reflection 
model is used as a model for diffuse reflection [30]. For 
surface reflection, we use the surface roughness value 
equal to 0.1 mm. Refraction is calculated in accordance 
with a quantity of the refraction indices by using Snell’s 
law for a given pair of media. This process of reflection/
refractions continues iteratively.

Fig. 2  The origami-based umbrella model: a the 2D crease pat-
tern with the central hole (the cut line is indicated in bold black), b 
the 3D unit cell, c the folded paper model with intermediate fold-
ing forms, d the compact umbrella shape, e the paper umbrella 

after the connection of the end unit-cells (with the suitable type 
of a lock), f the 3D origami polygonal model, g the 3D non-origami 
polygonal model
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4.1  Paper model

Paper is a complex network of fibers, fiber fragments, 
and possibly fillers (Fig. 3). Multiple publications related 
to the paper structure and light propagation in it were 
presented, among them [31–33]. Despite the fact that 
the paper structure is extremely complex and it is hard 
to extract its features into a single parameter set, a crude 
approximation of the propagation of light in paper can 
be used, as it was well discussed in [34]. The K–M theory 
remains the most used in practice. Even though it has 
some disadvantages due to its explicit form, this theory 
is simple for using and gives acceptable prediction accu-
racy in many cases.

We suppose that the K–M theory is sufficiently accu-
rate to approximate light propagation in paper for the 
purpose of investigating light propagation in the ori-
gami-like objects. The optical material properties are 
condensed to two parameters: absorption (K) and scat-
tering (S).

In our implementation of recursive ray tracing, a set of 
refraction/reflection events is treated as n-layer material 
obtained using the adding method [29]. The relationship 
between the coefficients S, K, and reflectances R0, R∞ are 
determined as follows:

where R∞ represents the reflectance of an opaque pile of 
homogenous paper and R0 is the reflectance of a single 
sheet with black, totally absorbing, background. W is the 
basis weight of the material. The light transmittance of the 
material is given as a function of light absorption, scatter-
ing coefficients, and R∞.

The theoretical relationship between the basis weight 
and light transmittance T is as follows:
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The equations for n-layer material can be obtained 
using the adding method where the reflectance and 
transmittance of a two-layer material are defined when 
reflectance Ri and transmittance Ti at each layer are known.

The transmittance and reflectance for n-layers material 
are as follows:

The transmittance T2,3,…,n and reflectance R2,3,…,n can be 
computed recursively.

4.2  Simulation of the light propagation

A sheet of paper transmits visible light and probably other 
parts of the spectrum in the UV range as well. The light 
is scattered but it is being transmitted through the gaps 
between the paper fibers. The fibers are not absolutely 
opaque as can be seen in Fig. 3.

The purpose of the simulation is to show the effective-
ness of the origami-based structure to redirect light rays 
in comparison with the non-origami structure. When light 
is incident on a material surface, the light wave will either 
be reflected, transmitted, or absorbed. The propagation 
of light in the origami-based and non-origami umbrella 
models, by using the model of paper outlined above, is 
simulated by using the RRT algorithm. In the simulation, 
the 3D polygonal origami and non-origami models are 
embedded in a cube of size 2 × 2 × 2 m (128 × 128 × 128 
voxels). It is schematically shown in Fig. 4a. The geometri-
cal parameters of the models are the diameter D = 1.7 m; 
the height H = 0.4 m. The cube is divided into small sub-
cubes with a side of 2/128 m. The horizontal rows (from the 
top to bottom) of sub-cubes are called cube layers. Three 

(5)T =

(

1 − R2
∞

)

e
1∕2SW

(

1

R∞
−R∞

)

1 − R2
∞
e
−SW

(

1

R∞
−R∞

)

(6)T1,2,3,…,n =
T1T2,3,…,n

1 − R1R2,3,…,n

(7)R1,2,3,…,n = R1 +
T1R2,3,…,n

1 − R1R2,3,…,n

Fig. 3  Microscopic images 
of paper structure: the top 
view of the ordinary paper 
(left); the cross-section view 
of washi-paper (“Japanese 
paper”) (middle); the top view 
of washi-paper (right)
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tracing rays of light with wavelengths of 400 nm, 300 nm 
and 250 nm with correspondent refraction indices are 
used to calculate the integral value of the photon energy 
E (in eV) for each sub-cube. In the RRT algorithm, we con-
sider light intensity LI as the rate at which light energy is 
delivered to a sub-cube. It is calculated as follows:

where krt is a coefficient that determines the decrease in 
light intensity due to reflection and transmission during 
light propagation through the n layers of the structures 
under study. The values of this coefficient are calculated 
by using the Eqs. 6, 7 (the initial value is 1.0). Each ray is 
continued until it ended up as reflection or transmission 
from the cube. To reduce the time and efforts required in 
ray tracing some of the rays are discontinued after 7 levels 
of recursion. Total light intensity LLI, which we call light 
intensity in the cube layer, is determined as follows:

where n is the number of sub-cubes in the cube layer, m is 
the number of rays in the sub-cube.

The light rays enter into the cube in the direction per-
pendicular to its upper facet and fall on the surface of the 
embedded model along the Y-axis (Fig. 4a). In each run, 
the 128 × 128 light rays are used. The bottom layer of the 
cube is considering as a ground where usually humans are 
located under a beach umbrella. Since paper umbrellas are 
often used as sun protection, in this study, we consider 
paper with a thickness of 0.1 mm as a possible material for 
origami-based model. The optical paper parameters: basic 
weight W = 70 g/m2, S = 49 m2/kg, K = 5.5 m2/kg. R0 = 0.6 
and T = 0.2 are calculated as discussed in Sect. 4.1. It should 

(8)LI = krt ⋅ E

(9)LLI =

n
∑

1

m
∑

1

LIm

be noted, that using derivatives of refractive index n, i.e. 
the group of indexes with small deviations from the main 
refractive index n = 1.56, practically, gives almost the same 
results of calculating light intensity as with the fixed refrac-
tion index. The RRT simulation of the propagation of rays 
through the studied structures shows a decrease in light 
intensity by 7% in the area under the origami structure 
compared to the non-origami structure (Fig. 4b). Figure 4c 
shows the distribution of light intensity at the bottom of 
the cube for the non-origami and origami structures (data 
are shown in white). Based on the visualization results, it 
is possible to conclude that there is a higher concentra-
tion of rays in the area under the non-origami structure in 
comparison with the origami structure in the same area. 
Taking into account the results obtained with regard to 
UV light, it can be concluded that the harmful effect on 
human health can also be reduced with the use of the 
origami-based umbrella.

4.3  Shape optimization of the origami‑based 
umbrella

According to simulation results, we consider an opti-
mal design of the given geometry model that is opti-
mal with respect to the basic designed origami model. 
The criterion for the distribution of light intensity using 
geometric field tracing is implemented in the form of 
the RRT algorithm. An elegant example of using evo-
lutionary optimization technique to create a curved 
refractive interface in the eye of a certain type of trilobite 
(phacopida) is presented in [35]. Examples of applying 
an evolutionary optimization technique for designing 
a shape under light constrains has been discussed in 
several papers, for instance [36]. Driven by the success-
ful modelling of phacopida eye, we tried to continue 

Fig. 4  The ray tracing simulation: a the simulation scheme, b 
graphs of the resulting data in the layers of the cube, where the 
total photon energy is shown on the vertical axis. The area occu-

pied by the model in the cube (cube layers from 4 to 28) is called 
the “over structure”, c the images of light intensity distribution: the 
non-origami model (top) and the origami model (bottom)
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consideration of the applicability of the combination 
of ray tracing and the optimization techniques based 
on Genetic Algorithms (GA) for the modification of the 
model shape. The most attractive feature of the GAs is 
that they are easy to interface with a model. The main 
drawback of GAs is that the optimization problem can be 
trapped in a local minimum. We apply the C++ genetic 
algorithm objects library GAlib [37]. For the optimal 
design of the given model, coordinates of vertex Vi of 
the 3D polygonal origami model (optimization param-
eters), where each Vi ∈ E3 has the corresponding valency 
equal to 4 (Fig. 5a), are modified according to a scheme 
shown in Fig. 5b. Our goal is to optimize the geometric 
parameters of this model, while maintaining the folding 
properties and preserve the flatness of the neighbor-
ing quadrilateral elements of the model. For that, the 
coordinates of meridian points belonging to the quad-
rilateral element of the plane passing through the circle 
center o, vertex Vi, and pole of the sphere p, as shown in 
Fig. 5b, are also modified to avoid skewing. The resulting 
warped shape is evaluated with the help of the RRT algo-
rithm, which allows us to take into account a collection 
of light intensities of refracted and reflected rays stored 
in the area under the origami-based umbrella structure. 
Changing the coordinates of the nodes naturally leads 
to a variation of the coordinates of the nodes belonging 
to the vertex ring of the basic model. As the result, the 
initial shape of the model is modified (Fig. 5c).

The new umbrella structures (Fig. 5c) with higher fitness 
join the population to replace those previous ones whose 
fitness measures are lower. We calculate a fitness function 
that expresses a fact that the lower intensity we get in the 
area under the umbrella the more effective shading can 
be achieved. Our experiments show that with the evolu-
tionary optimization of the geometry of the model, we 
can improve the shading effect with respect to the basic 
design (Fig. 5d) by about 3% (Fig. 5e). The experiments also 
showed that we have no problems with the convergence 
of the algorithm. As it was noticed in [35], the problem of 
local trapping usually arises when the optimization pro-
cess is forced to make a decision between different ways 
of increasing fitness, for example, if many variables in the 
system are allowed to be free. In our experiments, the 
optimization procedure is able to converge to the opti-
mal solution even if we increase the number of param-
eters such as the optical material properties (the results 
are not shown). From our point of view, the convergence 
problem may arise in view of the “badly” defined scheme 
of selecting the points that define shape deformation. 
However, in the presented research study, the modifica-
tion scheme discussed above allows for attaining reduc-
tion of light intensity accumulated in the area under the 
umbrella by 10% with respect to the initial “bad” design. 
Nevertheless, finding the best scheme of selecting points 
that defines shape deformation is an open question. For-
tunately, as mentioned in [38], an algorithm can have 

Fig. 5  The optimization technique: a the model vertices (red dots), 
b the 2D scheme of the model modification, where shift is a vec-
tor defining possible variation of the coordinates of vertex Vi in the 
meridian plane; dsx and dsy are displacements of the coordinates, c 

the 3D optimal model, d the 3D basic model, e graphs of simula-
tion results, where the total photon energy shown on the vertical 
axis and the area between the layers 6 and 26 is the “over structure”
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practical significance even if it fails to identify the true 
global optimal solution because the algorithm can find 
alternative solutions that more fully satisfy some minimal 
set of user-defined requirements.

5  FE simulation of folding the model 
and structure behavior under lateral 
loading

In the last years, the structural analysis of the folded shell 
designs and their mechanical properties have been dis-
cussed in many papers, for instance [39, 40], where the 
aim is to describe the kinematic and structural proper-
ties, to present and find suitable modelling methods to 
capture structural salient behavior. A non-linear formula-
tion for performing static/quasi-static analyses of origami 
structures based on ‘bar-and-hinge’ models is proposed in 
[41]. In [42], FE models of the origami-based shelter struc-
tures are the subjects of the numerical simulation of the 
structure behavior under gravitational and lateral nodal 
forces using eigenvalue buckling analysis and non-linear 
static analysis with SAP2000 program. The wind-load can 
be very destructive because it generates pressure against 
the surface of a structure. Wind-load on the surface is 
considered as the lateral nodal force. The origami-based 
umbrella model should be studied using numerical simula-
tions of falling or breaking in windy conditions. We assume 
that the developed 3D model must be a rigid structure, 
because many stiffeners are created by the origami design 
that provides a structural stiffness. The given model shape 
deformation can be demonstrated by the FEM simulation 
results. Unlike light propagation modelling, in this simula-
tion we must use more durable material than paper such 
as lightweight synthetic polypropylene (PP), a plastic-
coated paper, or cardboard (CB), which are modelled as 
linear elastic materials. The stabilizing systems in PP fibers 
give a degree of UV resistance and absorb any moisture, so 
that their dimensions do not vary with changing humidity 
or when they become wet. PP is a mechanically rugged 
material that is used in storage, packaging, other suitable 

applications. Cardboard is a paper-based product having 
a greater thickness and mechanical properties that are 
suitable for origami-based structures. Modelling and kin-
ematic analysis of cardboard folding products is a research 
interest particularly for the packaging industry [43].

5.1  Displacement analysis of the model 
deformation

Numerical simulations are carried out using the com-
mercial FEA software ANSYS R19.2 to show the structure 
behavior under the applied loads. The FE origami and non-
origami models are given by the geometrical parameters: 
the diameter D and the height H (Fig. 6a). These struc-
tures are modelled using the shell triangular elements. 
The forces F in the range from 2 N to 30 N are applied 
in the Z-axis direction (the global X, Y, Z coordinate sys-
tem) to the nodes of the half-parts of the shell models. 
As shown in Fig. 6b, c, the force is distributed over the 
point-loads according to the colour arrows (red arrows: 
max value force F, blue arrows: F/2, yellow arrows: F/4) 
by analogy with the scheme of the lateral force loading 
proposed in [42]. Another half-part of the shell model, 
including the central parts, is considered as the fixed 
part to restrict lateral movement (the red squares and a 
circle). The static structural analysis of the model defor-
mation is employed to define the localized stresses in 
the model under lateral loading. To make the lightweight 
design, the thickness of the material (PP and CB) is taken 
1 mm. Based on the preliminary simulation results, CB is 
not acceptable as a material for the non-origami structure 
with a thickness less than 2 mm due to structural failure 
when force value is 20 N. Graphs of Von-Mises stress versus 
the nodal displacement in the Z-axis (the maximum value 
is given from the range of displacement) display simula-
tion results for the origami and non-origami models in the 
given force range from 0 to 20 N (Fig. 7a, c). Figure 7b, d 
show stress distribution over the FE origami model and 
non-origami models. Origami-based umbrella structure 
exhibits approximately linear response over a small range 
of load intensities and the shape of the origami model 

Fig. 6  The FE models: a the model geometry, b the scheme of the force distribution and the fixed parts for the origami model, c the scheme 
of the force distribution and the fixed parts for the non-origami model with the same geometrical parameters as the origami-based model
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is slightly deformed compared to the large deformation 
of the non-origami model. Under higher forces, the stiff-
ness of the origami-based structure is leading to a non-
linear response that allows the structure to dissipate the 
energy of the wind-loads. For the origami-based model, 
the maximum stress value is equal to 14 MPa (F = 20 N) in 
comparison with yield stress σy = 30 MPa for PP material. 
With the same material properties, the non-origami (the 
traditional umbrella) model demonstrates linear response 
under loads and the maximum stress value that is equal 
to 32 MPa (F = 20 N). It means that an origami-based struc-
ture can provide a double factor of safety in comparison 
with the model of the traditional umbrella with the same 
material. The maximum value of the total deformation (PP 
material), which is the root mean square (RMS) value of 
directional (X, Y, Z-coordinates) deformations, obtains the 
maximal nodal displacements under stresses in the inter-
vals from 22.36 mm to 25.16 mm for the origami model 

and from 26.77 to 30.12 mm for the non-origami model 
(Fig. 7e, f ). As can be seen, the origami-based model shows 
greater resistance to loads using PP material (1 mm thick) 
compared to the non-origami model when using the same 
material with the same thickness.

5.2  Kinematic modelling and dynamic analysis 
of the behavior of the origami‑based structure

The kinematic model of the origami-based umbrella as a 
simplified model provides insight into the essential global 
behavior of the considered structure where the hinges are 
located in the mountain and valley crease lines according 
to the Axis-Shift method [44, 45]. Figure 8a shows the kin-
ematic scheme of the unit-cell that is modelled as a set of 
thick panels. To avoid crease intersections, the intersection 
points are cut out in the simulation model. Solid mesh is 
generated from 2.5 mm surface triangle mesh.

Fig. 7  FEA results: a graphs of simulation results (the origami-
model, material CB is marked as blue dots; PP material is marked 
as orange dots), b stress distribution over the origami model 
nodes (F = 20  N, PP material), c graph of simulation results (the 
non-origami model, PP material), d stress distribution over the 

non-origami model nodes (F = 20 N, PP material), e the total defor-
mation distribution over the origami model (F = 20 N, PP material), 
f the total deformation distribution over the non-origami model 
(F = 20 N, PP material)
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Here, we demonstrate the results of the FE simulations 
for two cases: (1) the folding process for the part (the 3 
unit-cells) of the model; (2) the nodal displacement under 
lateral loading for the full model. Numerical simulations 
of the structural behaviors of the given model (with the 
same geometrical parameters, as shown in Fig. 6a) are 
done using LS-DYNA commercial software for both cases. 
In the first case, the material is a plastic-coated paper (type 
of cardboard) with a thickness of 1 mm. One thick panel 
of the model is considered as a fixed part and the force F 
of 500 N is applied to boundary nodes along the radius of 
the model (Fig. 8b). The simulation result demonstrates 
the compact packaging of the origami-based umbrella 
(Fig. 8c). In the case of lateral loading, the nodal force F 
is distributed over the point-loads in the X-axis direction 
(the global X, Y, Z coordinate system) as shown in Fig. 8d. 
The force loading scheme differs from the static analy-
sis discussed above: for static analysis, we need to use a 
more complex loading scheme than with the kinematic 
approach. In kinematic modelling, the lateral load dis-
tributed over a smaller number of point-loads (Fig. 8d) 
provides the motion of the joints, which connect the rigid 
faces of the unit-cells (kinematic chain) in accordance 
with their sequence determined by the pattern of the 3D 
model. PP is used as the material with a thickness of 1 mm. 
The structure behavior under the lateral force F = 2000 N 
is illustrated in Fig. 8e. The deformed part of the model 
shows folding motion according to the kinematic scheme. 

The graph in Fig. 8f demonstrates the correlation between 
lateral force F in the range from 1000 to 3000 N and the 
resultant maximal nodal displacements. Increasing in 
nodal force leads to increasing in nodal displacement: 
F = 1000 N gives the maximum displacement of 4.4 mm. 
For F = 3000 N the maximum displacement is 14.6 mm. 
That force value is the critical load value because of the 
slight destruction of the structure. The origami structure 
does not go back to its initial state after releasing the 
applied loads and stays in a deformed state because of 
existing sharp creases [46] but the shape can be improved 
by applying human force.

6  Discussion

In the current research, the basic designed origami-
based model of the beach umbrella presented in Sect. 3 
is used to examine its reflection/refraction properties 
and mechanical properties under lateral forces as well 
as folding behavior. The combination of materials, which 
we use in the simulations (shown above), can be realized 
in the design of the umbrella, which can be offered: the 
lightweight origami-based framed structure for the sun 
umbrella (Fig. 9a–d) to meet the reflective and mechanical 
properties of the origami-based structure that are shown 
above. The frame is a rigid foldable structure based on 
the same crease pattern shown in Fig. 2a. Facets are cut 

Fig. 8  The FE simulation: a the kinematic scheme for the unit-cell, 
b the FE simulation model (the 3 unit-cells), c simulation results of 
the folding process, d the scheme of the force applications, e the 

maximal deformation over the model, f the line graph of the result 
maximal nodal displacement
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out and remove. Voids formed are covered with a suit-
able material such as paper, washi-paper (the thickness of 
materials is in the range of 0.13–0.18 mm), or thin plastic 
film. Washi-paper can be useful because of low weight, the 
strength, the water-resistance, and the good UV protec-
tion [47]. The frame can be made from the material sheets 
(1 mm thick) such as PP, plastic-cardboard, or plywood. 
This type of structure satisfies the mathematics rules for 
producing flat-foldable origami and shows the compact 
final shape.

7  Conclusions

This article demonstrates the optical properties of the 
developed origami-based structure and considers the pos-
sibility of using origami-based beach umbrellas to reduce 
the effects of sunlight on human health. The structure 
behavior under the applied loads also is the subject of 
the research. FE simulation models have been developed 
to study the effects of a structured model, such as the ori-
gami-based model and the non-origami model, on light 
propagation efficiency and lateral load resistance.

In this study, we show that origami-based structures 
(umbrellas or shields) with using paper as a material 
can provide reasonable decreasing light intensity in 
the area under the structures. Ray tracing results show 
that light intensity can be decreased by 7–30% (varies 
with modelling conditions) in comparison with the non-
origami structure (the traditional umbrella type), which 
is important for human health. UV coating and lamina-
tion of paper have advantages for decreasing the harm-
ful effect on human health; however, such technology 
increases the cost of paper. The studied paper origami-
based model demonstrates promising performance as 
a suitable screen for sunlight protection. The evolution-
ary optimization of the geometry of the model shows 
that the shading effect with respect to the basic design 
can be improved by about 3%. We believe that the value 

of light intensity can be used as a general measure of 
assessment for any origami structures in the entire spec-
trum of electromagnetic radiation.

The FE simulation approach is employed to study the 
mechanical behavior of the presented origami-based 
structure using polypropylene and cardboard as materi-
als. Simulation results demonstrate that the origami-based 
umbrella structure provides good wind-load resistance 
and it is compact when stowed.

As a material for the basic umbrella model and for the 
framed design, cardboard, plastic- cardboard, or plywood 
can be suggested. Plastic films, fabric, laminated paper, 
washi-paper, and an ordinary paper are suitable as the cov-
ering for the framed structure. For the lightweight framed 
structures, the multi-thickness materials also can be used.

Indoor experiments with the scaled basic models dem-
onstrate decreasing irradiance power in 14–30% under the 
origami-based model using washi and an ordinary paper 
in comparison with the non-origami model with the 
same materials and conditions of experiments. UV irra-
diance power (UV wavelength: from 260 to 395 nm) was 
measured by UV light meter CENTER 532 (measurement 
range: 1–3999 uw/cm2). As a source of UV light, 9UV-LED 
light (PW-UV043H-04, the maximum wavelength equal to 
375 nm) is used.

The results of the research presented in this article are 
of interest to the potential use of the origami-based struc-
tures related to the protection from the harmful effects 
of UV radiation on human health. Replacing mechani-
cal parts, such as strings and hinges in the traditional 
umbrella, by the origami-based structure can be consid-
ered as the alternative way of the beach umbrella design.

To confirm the results obtained in this study, more 
researches and experiments would need to be conducted. 
Outdoor experiments with the real size structures for 
testing optimal shapes and materials for increasing the 
shielding effect as well as manufacturing the non-paper 
umbrella structures with using laser cutting, 3D printing, 
or robotics are considered as future works.

Fig. 9  The framed design: a the 2D crease pattern (the cutting line is marked as the black line), b the plastic-cardboard frame, c the framed 
model with washi-paper covering, d compact packaging
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In the future, one of the directions of using the RRT 
algorithm might be the development of models of reflec-
tion/refraction/absorption of light in various types of 
paper structures based on the analysis of their microscopic 
images. For further study, physical optics for considering 
the wave properties of light should be taken into account 
for deeper investigation of the UV protective properties of 
the origami-based structure. We might consider expand-
ing the application of ray tracing modelling to origami-
inspired structures for other ranges of electromagnetic fre-
quencies. These structures should be used with respect to 
electromagnetic phenomena in engineering applications.
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