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In this paper, the use of the Kresling tower origami as a
building block for compliant mechanism design is consid-
ered. To help building systems using this origami, models are
derived to link the origami pattern geometry to the Kresling
tower characteristics. This includes the position of stable
configurations, the helical trajectory describing the motion
and the orientation of panels during the tower deployment.
The provided analytical expressions are helpful to adjust the
tower geometry according to desired specification. In addi-
tion, an original modification of fold geometry is introduced
to modify the tower stiffness. Material removal at specific
locations, where maximum fold deformations occur, aims at
reducing the actuation force without affecting the kinemat-
ics. Experimental evaluation is conducted to assess the rel-
evance of the proposed models and evaluate the impact of
fold line modification. The proposed simplified models are
precise enough for the synthesis. The capacity to strongly
reduce the actuation force, thanks to the the fold line modifi-
cation, is observed.

1 Introduction

In the past few years, origami traditional asian art has
been increasingly used in several fields of engineering [1.12]].
Indeed, origami has various interesting mechanical proper-
ties such as deployability [3], advantageous ratio between
stiffness and weight [4]], reconfiguration capabilities [3]], [6],
and for some origami structures, bistability [7]]. This has led
to different designs of robotic components and systems based
on origami [8,19]. Polymer material is then a relevant choice
to keep devices lightweight, using for instance POM [[10],
PET [8]] or PP [9].

Origami structures can be used alone or in combina-
tion. In [11]], tubular structures based on origami patterns
are assembled to form a metamaterial. Each tube can con-
tract along a preferred axis, and has different stiffnesses in
other directions. By coupling several tubes in different con-
figurations, a compliant structure is obtained that is deploy-
able in a given direction and stiff in other directions. In [7],
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two origamis with different motions are assembled to gener-
ate a perilstatic displacement. Another example is in [12],
where two origamis with different kinematics are combined
to convert a rotational input motion into a translational output
motion. For compliant mechanisms, design by association
of elementary components is well known with the identifi-
cation of so-called building blocks, providing specific kine-
matic properties [13]]. This was successfully used in [[14,[15].
Origamis belong to the general class of compliant mecha-
nisms. So, identifying origamis that can be used as build-
ing blocks, with tools to help their synthesis, should create
opportunities to elaborate more complex architectures to be
used in robotics.

The Kresling tower origami [16] (Fig.[I) is an interest-
ing structure to go in that direction. It is at the same time a
structural element with specific deployment kinematics of its
panels, and also a mechanical component with the kinemat-
ics of an helical joint that can be used as such for mechanism
design. In [17], the origami is used for its deployment ca-
pabilities, with the panels used to deploy an antenna. In [8]]
the Kresling tower is also used for the motion of its panels,
the inner radius of the tower being used to guide an endo-
scope. In [12], the tower is used for its kinematics as the
helical motion is used to transform a rotational motion into a
translation motion to achieve peristaltic locomotion. More-
over, the Kresling tower can possess two stable configura-
tions. This bistability is in favor of energy efficiency, as no
energy is needed to maintain the two stable configurations. It
also brings safety, as in absence of actuation, the mechanism
remains in a configuration corresponding to one of the two
stable states.

In this paper, we consider the Kresling tower origami
and bring elements to help the designer building functional
components from this structure. Two aspects are covered.
The first one concerns the geometrical synthesis of the
origami pattern, with the derivation of analytical models de-
scribing the deployment of its panels and the overall helical
motion. This description of the structure kinematics has not
been presented in the literature yet. The second one con-
cerns the structural stiffness of the component, and a way to
modify it through a modification at specific locations, where
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FIG. 1: Prototype of Kresling tower used for assessment

n=8

I
U W

FIG. 2: Pattern of the Kresling tower. Mountain folds de-
picted with red lines, valley folds by blue dashed lines. The
number of elementary patterns is here chosen as n = §

fold and panels deformations are observed. One new design
parameter is introduced accordingly and its impact is anal-
ysed. By providing a set of relationships to help the design
of the Kresling tower and an original crease modification to
limit stiffness, this paper will help further use of this origami
structure in the design of innovative mechanisms.

In section 2] the approach we adopt to model the struc-
ture and modify the structure stiffness are introduced and jus-
tified. The design characteristics to derive are also selected.
The relationships of interest are then developed in section[3]
as well as the stiffness modification technique we investi-
gate. Both aspects are assessed experimentally in section 4
Finally, discussion on the results and perspectives in terms of
origami design are drawn in Section

2 Selection of Methods and Design Characteristics
2.1 Desired Characteristics

The Kresling tower is based on a pattern composed of
triangles (Fig. 2). It was named after B. Kresling, because
of her work on buckling effect on paper tubes [16]], even
though similar patterns have been observed earlier in liter-
ature [[18/[19]. In [20], the tower is built to reach the full
folded configuration, i.e. with zero height of the tower, as a
first stable configuration. A parameter that controls the trian-
gles definition is used to adjust the energy needed to switch
between two stable configurations. Using the completely
folded configuration as one stable state is however restrictive
from a design point of view. Interestingly, a parameterization
proposed in gives the possibility to generate a general-
ized Kresling tower with a non-flat stable configuration. In
this case, the tower has two stable states, that can be desig-
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nated as low and high configurations. The low configuration
corresponds to the state where the tower is compressed, and
the high configuration where the tower is deployed as shown
on Fig. Bl With this work, the height characterizing these
states cannot however be tuned.

The authors in [7] considered the height of the low sta-
ble configuration as an input parameter for the synthesis of
generalized Kresling towers. In [22], analytical equations,
based on the geometry of the tower, allow to determine the
pattern dimensions according to the desired stable configura-
tions, characterized by two parameters corresponding to the
height of low and high configurations.

To use the Kresling tower as a component in a mecha-
nism, link between the pattern geometry and other character-
istics of the tower kinematics is needed. In [8], it is shown the
value of the inner radius of the structure, later named r;, with
the index i used to designate this inner dimension (Fig. J3)),
is to be evaluated. It is then outlined that the evolution of
the inner radius while the height 4 of the tower (Fig. ) is
varying can be an issue in practical applications. Therefore,
modelling the variation of the inner radius during the motion
is of importance. The rotation angle ¢ between the top and
bottom surfaces of the tower is also a key information [7]. In
our opinion, the angle between the panel fold lines and the
tower axis later, designated as p, is also to be estimated as it
helps describing the panel motions with the outer radius of
the structure. In addition, what is needed for design is the
variation of these characteristics during the evolution of the
tower, from a flat configuration up to a fully extended config-
uration. To our knowledge, there is no existing model giving
analytical expressions of these properties for configurations
outside the stable states. In the literature [12}[8,20], these
characteristics are indeed only computed for stable config-
urations. Our approach is then to derive such a model to
access to these characteristics, with explicit relationships be-
tween their values and the parameters that define the origami
pattern. As a summary, we wish to extract the expressions of
(¢, r;, p) for any tower height 4. In the following, we will use
the index 1 (resp. 2) for the low (high) stable configurations

(Fig.[B3).

2.2 Modeling Approach

Kresling tower origami belongs to the class of non-
rigidly foldable origamis [23]], which means that the tower
cannot be folded without panel deformations. Several
works have been introduced to tackle this origami model-
ing. In [24], the difficulties associated with the use of finite
element methods for origami are outlined. Therefore simpli-
fied models built by modeling the structure as an assembly
of truss are developed. Such a model is of interest as the
truss dimensions and arrangement can be linked to the actual
origami pattern. The trusses replace the fold lines and their
axial deformation is taken into account. The authors intro-
duce virtual folds between the vertices of panels to model
the bending stiffness of 4-sided panels, as encountered in
some origami tubular designs. For the Kresling tower, 3-
sided panels have to be modeled thus the method presented
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FIG. 3: Representation of the Kresling tower characteristics
of interest for a tower height & (left), and for the low (middle)
and high (right) stable configurations

in is no more applicable. In [2326L27], a modification
of the previous model makes it possible to study the Kresling
tower with similar method. However, there is no introduc-
tion of virtual folds so the bending stiffness of panels cannot
be modeled, whereas it is at the origin of the bistability ef-
fect. In [20], a virtual fold line has been added in the Kres-
ling tower pattern to allow rigid foldability. Despite this, the
mountain folds of the pattern are deleted at the same time.
This seems a rather important simplification, as interactions
occurs between the panels in this origami of closed shape.
Another limit of the previous works is related to the energy
oriented approaches that are used to link the origami defor-
mation to the energy variation during its motion. Energy as-
sessment during origami deployment eases the analysis of
bistability, as with other bistable mechanism [28]]. However,
there is no derived analytical expression that would link the
geometry of the tower pattern with the definition of bistable
configurations and the aforementioned properties of interest.
Our approach is to develop a rigid-bar model based on these
previous studies to get such relationships.

2.3 Stiffness Modulation

It was shown in [26}24129] that the origami stiffness can
be linked to the stiffness of panels and fold lines. As a conse-
quence, the modulation of an origami stiffness is usually ob-
tained by changing the thickness or material of the origami
sheet [30]], or by changing the pattern geometry [4]]. Thick-
ness variation remains limited, as it impacts the origami kine-
matics. Material modification can be restricted by the manu-
facturing techniques and by material requirements due to the
application context.
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base polygons

FIG. 4: 3D view of the tower in deployed stable configura-
tion. Top and bottom base polygons are represented in green.
Elementary pattern is highlighted in orange and hatched

Another considered fold line modification is a change
of geometry all along the fold length. Changing the ratio
between strokes and breaks of a dashed line crease pattern is
one instance. In [[10], this type of approach is studied on a
Kresling tower, with a significant reduction of the stiffness
of the origami.

In this paper, we propose to investigate a complementary
approach to have a strong impact on origami stiffness. It con-
sists in removing material at a specific location, where maxi-
mum deformations are encountered along the fold line during
the transition between the stable configurations. There are
several manufacturing methods to realize a crease, which are
dependent on the material or the manufacturing technique of
the origami. The double dashed line in is one of them.
The approach presented in this paper can be advantageously
used in combination with any fold line manufacturing tech-
nique. Our objective is in the end to reduce the actuation
force required for the tower deployment while respecting the
properties adjusted by design of the origami pattern in a first
stage.

3 Models for Design

The Kresling tower has a kinematic behavior which is
equivalent to an helical joint when considering the relative
motion of the top and bottom surfaces. In order to describe
such kinematics, we focus first on the derivation of the an-
gle ¢ as a function of the height /4. This will be designated
as the kinematic model of the Kresling tower. The other
characteristics will be derived using the model afterwards.
Most of the notations are taken from and some equa-
tions presented could be defined for stable configurations
in [31,321R27.7]. The tower kinematics are dependent on
the geometry of the pattern depicted in Fig.[2l We therefore
start by presenting the set of parameters used to define the
pattern.

3.1 Tower Parametrization

The Kresling tower is a closed origami of tubular shape
(Fig.[)). The elementary pattern, composed of two triangular
panels, is distributed following an axial repetition around the
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FIG. 5: Representation of the elementary pattern on a 3D
view of the tower and motion of bar / and b during deploy-
ment.

axis A as shown on Fig.[dl The top and bottom contours are
base polygons composed of #n sides, with n the number of el-
ementary patterns (Fig.[2). As described in [7], we consider
that the base polygons are rigid. The vertices U, V and W
(Fig. @) that define the triangular panels are constrained to
move at the same distance from the axis A. This is equiva-
lent to constrain the vertices to move on the surface of the
cylinder of radius r, which circumscribes the base polygons.
Because of that, we can restrict the analysis of the Kresling
tower motion to the analysis of a single elementary triangle,
using cylindrical coordinates.

An elementary pattern is represented in Fig. 2l The
parallelogram UWVW’ is composed of two identical trian-
gles UVW and UVW’. The lengths a, b and [, of respec-
tively segments UW, VW and UV, parameterize the ge-
ometry of the elementary pattern. The set of parameters
(a,b,l,n,r) then defines the geometry of one Kresling tower.
The value of length a is linked to r and n (Fig. [6) with
a = 2.rsin(n/n). Thus we define the minimal set of four
parameters M = (b,/,n,r) to describe the tower geometry.

3.2 Derivation of Models
3.2.1 Kinematic Model Determination

The kinematic model has to relate the angle ¢ to the
tower height s. This allows us to describe the evolution of
the vertex V during the folding, to have then the possibil-
ity to reconstruct the panel UVW as in Fig.[3and finally the
whole Kresling tower.

The model derivation is achieved by considering an
equivalent rigid-body mechanism. The latter is obtained by
replacing the fold lines with bars, connected with spherical
joints to the base polygons, also considered as rigid bod-
ies. Without loss of generality, the tower we consider is built
from the pattern shown in Fig.[2] to get a left-handed helical
shape. There are only two configurations where the mecha-
nism can be assembled. They correspond to the two configu-
rations where the origami tower does not have bending of its
panels.

The angle ¢ in Figis defined as the angle between X

and the projection of OV. The bars [ and b have different
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FIG. 6: Projected view of the elementary pattern

deformations on
b fold lines [~

FIG. 7: Observation of fold line deformations during a tower
compression

lengths. They are considered rigid and they rotate respec-
tively around U and W (Fig.[3). With this model, the two
bars cannot remain connected in V during the origami mo-
tion, except for the two stable states. We then define two
points V; and V), that are built from the point V but belong-
ing respectively to the bar [ and the bar b. The points V; and
V}, are constrained as the other vertices to move at a constant
distance r from the axis A. This is equivalent in cylindrical
coordinates to have a constant radius ». The Eqn. () links
the value of ¢ for the points V; and V},, respectively ¢; and ¢,
to the height A:

0y(h) = 2-asin | Yo ) —

¢p(h) = 2-asin ”bzzrhz) +1

S8

ey

We have in Eqn. (1)) two expressions of the angle ¢.
Each one corresponds to an hypothesis on the rigidity of
the fold line. During the motion between the stable config-
urations, there are necessarily deformations in the origami
structure. We thus need to make an assumption on the de-
formation of bars during the deployment, to derive the po-
sition of the vertex. In [[7\27], the authors faced that same
issue and considered the bar [ to be rigid, but without giv-
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ing details. We performed various experiments to observe
the behavior of the fold lines, corresponding to the bars / and
b during origami deployment. We could observe, as illus-
trated in Fig.[7] that compression along the fold line leads to
panel buckling. On the opposite, tension along a fold leads
to panel stretching. The stretching of a panel causes negligi-
ble deformations compared to a buckling. Thus, we consider
for the model the trajectory of the vertex that causes a fold
compression.

With Eqn. (1) describing the trajectories of the vertices
V; illustrated by Fig. Bl we can deduce that the bar b is so-
licited in compression in the range of heights [A4;] when
connected to V;. Conversely, the bar [ is solicited in traction
when connected to V,,. As a consequence, the trajectory of V;
described by ¢; is used to model the motion of the tower be-
tween the two stable configurations. On the contrary, outside
the interval [hh;], the roles are reversed. The trajectory of
V}, described by ¢y, is used consequently to model the motion
of the tower outside the range defined by the stable configu-
rations.

Because the bar lengths are constant, our modeling has
a given domain of validity. The maximum reachable height
corresponds to the length of bars b. The value of the min-
imum reachable height depends on the pattern dimensions.
If the bar length / is smaller than the origami diameter, the
height h,,;, is equal to zero. Else, the minimum reachable
height can be derived geometrically with A, = V12 —4 - 2.
As a consequence, the kinematic model is:

¢(h) — {q)b(h) it h e]hmin;h] [U]hz,b[ (2)

O:(h) if h € [h1;ha],

3.2.2 Design Relationships

With n = (b,1,n,r) the set of geometrical parameters
that define the pattern geometry, it is possible to derive the
heights (h;,hy) of stable configurations. The stable config-
uration positions are obtained when V; =V}, which can be
expressed from the Eqn. (I):

G(h,n) = ¢1(h) — s (h)
(V) o (4T

2r

sa

) (€)

The designer can then compute the values of heights A
and hy with

“

G(h;,m) =0
G(h2,m) =0

There is a maximum height H =2-r-1/1 —sin (%)2 of
the tower that cannot be exceeded. This height is linked to
the radius r and the number of sides n. Thus the heights
hi and hy must be smaller than H, to find a feasible pattern
geometry.
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FIG. 8: Definition of the lead angle y: global view with the
path of a vertex V in red (left) and close-up in the tangent
plane (right)

The inner radius r; is calculated using the projected view
along the 7 axis, then calculating the height of the UOV
isosceles triangle at O. In triangle UOV, angle in O is ¢ + %

— —
with T the angle between (¥,0W) and (¥,0U). Using
trigonometry, one finally obtains:

r(h) = \/ e (M) o

The value of the angle p between the panels and the
plane (%,7) is equal to:

ESE]

h
p(h) = asin (6)
I(h)-sin (W)
with
I(h) = \/4-r2 - sin (q)(h){%
@)

One possible use of the Kresling tower is to build a com-
pliant helical joint. For such type of joint, the designer can
be interested by the value of the so-called lead angle, illus-
trated in Fig. [8land noted 7y, which describes the relationship
between the translational and rotational degrees of freedom.
The angle y(h) describes the relationship between the vari-
ation of the vertex height V and its angular position. For
a given height h, it can be computed (Fig. B) as the ratio
between the infinitesimal variation dh and the displacement
r-d¢ in the tangential direction, y(h) = atan(dh/r.d¢), which
becomes
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Table 1: List of tower characteristics with required relation-
ships for their derivation

Characteristic Notation  Eqn.
Tower height h @Bl
Tower angle ) @)
Tower inner radius T (&)
Angle between panel and horizontal (&)
Tower helical lead angle evolution v @I7IR)
Ry
atan | —————"— | ifh € [h:h]
h) = 8
Y(h) . g ®)
atan [ — % otherwise

The derived relationships are listed in Table[I] with their
link to the tower characteristics. These relationships allow
the designer to compute the tower characteristics for a given
pattern, defined by m. For a tower synthesis, the way to
use the relationships will obviously depend on the design re-
quirements. As there are 4 independent geometrical parame-
ters defining the origami pattern, 4 conditions can be fulfilled
simultaneously. As an example, we consider the synthesis of
a Kresling tower in section 4 starting from given values of
(r,n,h1,hy), and solve the corresponding system of equations
to obtain the parameter set M.

3.2.3 Stiffness Modulation

To modulate the stiffness of the tower, and hence the
energy needed for its actuation, we consider a modification
of the fold lines. Our proposition is to perform material re-
moval at a specific location along the fold line, to act on the
one hand on the stiffness of the fold line, and on the other
hand to modify the energy needed for the deformation of the
panels adjacent to the fold line. The location of fold mod-
ification is identified from experimental observations. The
deformations are visible during the folding process such as
depicted in Fig.[7l One can see that the deformation of a
fold line is not only the expected bending along the line axis.
We also note that the deformations are located around the
middle of the crease. Consequently, the fold line material re-
moval is being operated at the center of the line as depicted
in FigPl A prototype of the tower cut with this pattern is vis-
ible in Fig. We introduce accordingly a parameter called
the "fold density", denoted F' D, to characterize the modifica-
tion. It is defined as the ratio between the preserved sections
and total length of the fold line. It can vary between 100%,
when no modification is made, and 0%. In the following,

Paper number: JMR-21-1532

Corresponding author: Berre

FIG. 9: Example of pattern with FD=80%. 20% of fold line
represented in black are deleted

FIG. 10: Prototype of tower 4 (F D=80%)

we will assess the impact of this parameter. To do so, the
actuation force needed to switch between the two stable con-
figurations can be monitored, as it is related to the structural
stiffness. For this evaluation, experimental approach is pre-
ferred to numerical simulation, as it will allow us to take into
account the material behavior, the possible non linearities in-
troduced by the specific material removal, the manufacturing
variabilities, among others.

4 Fabrication And Experimental Assessment
4.1 Synthesis And Fabrication of Prototypes

The proposed design approach was applied to build pro-
totypes with different geometries. Here, the goal is to verify
the capacity to adjust the position of stable configurations
while modifying the behavior of the equivalent helical joint,
through modifications of the lead angle value. The design
requirements were chosen according to the manufacturing
capabilities and the experimental protocol, that are detailed
below.

For the origami structure, PP (polypropylene) sheets of
0.5 mm thickness are used. This material has already been
proven for robotic applications for example in [9]. The PP
sheets are laser-cut with a Speedy 300 machine from Trotec

Page 6

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

401

402

403

404



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

434

435

Table 2: Designation and description of design conditions
for the prototypes

Tower i [mm] 7y [mm]  Yiax[‘]
0 106.3 166.3 31.5
1 41.5 124.7 54.3
2 80.0 130.0 394
3 106.3 166.3 35.8

Table 3: Designation and description of parameter set 1 for
the prototypes

Tower b[mm] [[mm] r[mm] n
0 174.6  202.2 90 8
1 139.1 174.2 90 8
2 148.5 183.5 90 8
3 186.5 210.2 100 12

company. The pattern dimensions are in particular compati-
ble with the laser cutting process and a manual folding.

Tower O is considered as a reference tower (Table [2).
The value of &, is equal to the maximum reachable height H.
The height £, is set to 106.3 mm to reach 60 mm of stroke
between the two stable configurations. Tower 1 is designed
to have the stroke between the two stable configurations cen-
tered around H/2. Tower 2 is built to reach 50 mm of stroke
with an offset from H /2. For towers 0, 1 and 2, the other
two conditions for the design were chosen by a direct selec-
tion of parameters r and n. Finally, tower 3 is built with the
same values for /; and hy as for tower O, but then adjusting
the values of r and n to maximize the lead angle along the
deployment of the tower. The corresponding M sets for these
towers are presented in Table

A CAD exploded view of prototypes is shown in Fig.
with designation of the components. The tower is composed
of the origami structure which is mounted on rigid ends. The
connection is obtained by screwing blocking plates on the
periphery of the rigid ends.

As a first step, fold lines are produced without any spe-
cific modification. For their manufacturing, 3 processes
have been compared, with the shapes depicted in Fig. [T}
a dashed line with cutting of minimal width, an intermittent
cutting with an oblong profile, and engraving. The minimal
cut width is about 0.3mm given the laser spot characteris-
tics. Microscopic observations are used to compare the pro-
cesses. The engraving process (C on Fig. [[1)) leads to fold
anisotropy, as the operation is performed on one side only.
One engraving step would be needed on each side of the
sheet, to alternate the engraving of the mountain and valley
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A

B > >

C

FIG. 11: Sketchs of fold design: patterns of minimal thick-
ness intermittent cutting (A), oblong profile cutting (B) and
continuous engraving (C)

folds and get isotropic folding. This is time consuming, and
positioning errors of the vertices may be introduced. Given
the dimensions, the oblong profile (B on Fig. [[T) requires
a manual separation of the drops, as they stay fused to the
polymer sheet after laser machining. This time-consuming
phase is avoided by choosing the intermittent cutting, later
named dashed line. In addition, the obtained fold lines have
an endurance that is comparable to those with the other cut-
ting profiles.

The dashed line pattern is being used with a 1:1 ratio
between strokes and breaks, as shown on the cutting pattern
in Fig. The dashed lines are positioned to have 5 mm of
material around the vertices, to avoid panel deformation in
these regions.

Gluing tabs shown on Fig. [[2] were integrated to the
origami pattern for closing the shape. The tab size was min-
imized to limit variation of thickness due to material over-
lay. The width of the gluing tabs is fixed to 10 mm to have
sufficient contact surface for gluing. Preliminary tests were
set up to define the best bonding process. For initial surface
treatments, sanding and cleaning, chemical treatment with
PPXP, and plasma treatment by Corona effect were com-
pared. Three types of adhesives were considered : neoprene,
MS Crystal and cyanoaocrylate. To test the bonding, we used
specimens which geometry corresponded to the surface of
the tabs used for the tower. The specimens were tested in ten-
sion and shear. Panel gluing should not modify strongly the
panel stiffness, as it will affect the symmetry of the structure.
Bending stiffness was then also assessed. Finally, the most
appropriate process is a combination of surface preparation
by sanding, cleaning of the gluing area, plasma treatment,
and finally use of a neoprene glue.

The rigid ends are obtained by milling of 10 mm-thick
PP. Blocking tabs with rectangular holes on the pattern, are
added for positioning the tower. The rectangular hole fits in a
milled volume on rigid ends. The blocking plates on Fig.
applies pressure along the tower, to maintain it in position
during the folding process.

4.2 Validation of Kinematic Behavior

Before measurements, the towers are submitted to a se-
quence of 10 foldings and unfoldings using a tensile testing
machine, followed by a 30-minute resting period. Loading
history is then the same for all prototypes. The number of
cycles is chosen based on our observations of a stabilization
of the tower behavior. Tower assessment is achieved after
this phase.
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connection to
the force sensor

FIG. 13: CAD exploded view of the prototype of tower

Table 4: Measurements of tower heights (standard deviations
indicated in brackets) and relative error when compared to
the tower radius. The index m stand for measured to differ-
entiate the theoretical value

Tower  hy, [mm]  Error  hy, [mm] Error
0 105.5(0.4) 0.8% 165.8(0.1) 0.6%
1 51.7(5.0) 11.3% 124.6(0.3) 0.1%
2 82.5(0.4) 27% 131.9(0.2) 2.1%
3 112.7(1.2)  6.4% 165.3(0.1) 1%

The evaluation was conducted in two steps. First, a di-
rect measurement of the position of stable configurations was
achieved. The values of tower height are measured after plac-
ing the tower in both configurations. The tower is placed on
a marble and the height is measured with a gauge at the edge
of the polygon. The given value is an average based on four
measures, at 90° from each other, to avoid error due to slight
non-parallelism between the two polygons of the tower.

The results of the tower height measurements are gath-
ered in Table 4. The average difference between the com-
puted and measured heights is about 2.9 mm. We note a bet-
ter accuracy at the positions 4, than at positions 4. Indeed,
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the average difference at the position /; is about 5.0 mm,
whereas at &y, it is about 0.9 mm. We also note that the
biggest difference is at the position A; of tower 1 which has
the smallest value of & among the 4 prototypes. The mean
relative error on values of Table[dlis about 3% . Even though
refinement of the model might be needed to predict small
values of the tower height, the accuracy seems satisfactory,
given the simplicity of the model, manufacturing defects and
the impacts of PP material non-linearities.

Second, a compression test was performed using a ten-
sile testing machine (Zwick/Roell, Z005) as seen on the
Fig. [[4 The bottom end is linked to the machine with a
cylindrical joint, and the top end is connected to the mov-
ing part of the machine, that is linked with prismatic joint
to the machine frame. Displacement of the top end is ob-
tained using the integrated sensor. A camera (Canon EOS
700D) is placed in front of the tower, to measure the rotation
during the compression test. The camera is used to monitor
the value provided by protractor, as shown in Fig. 13l The
measuring tool is integrated to the bottom end of the struc-
ture, which rotates during the folding. It is then possible to
get the time needed to achieve each 1-degree rotation. The
translation speed is set by the testing machine, so we are able
to compute the corresponding translation carried out by the
tower after an initial registration. Finally, the evolution of
the tower angle ¢ can be plotted as a function of the relative
displacement between the tower ends.

In order to validate our model, we plot the angle ¢, ac-
cording to the height & from the Eqn. Bl and compare with
the experimental data in black on Fig. On this figure,
the yellow curve is the theoretical curve for ¢;(h) and the
pink one is for ¢, (k). ¢(h) curve is represented in solid line
from ¢y, respectively ¢, according to the definition interval
presented in Eqn.[2l We note that the distance, between the
experimental curve and the theoretical curve of ¢(#) in solid
line, is always smaller than with the dashed lines. This ob-
servation confirms our proposition for the expression of the
¢ angle outside the stable configurations.

The mean relative error, computed between the exper-
imental evaluation and the values issued from the proposed
models, is in the order of 1.5%, 0.2%, 0.9% and 0.6% respec-
tively for towers O, 1, 2 and 3. These results, below 2% of
error, allow us to validate our model to describe the motion
of the tower.

4.3 Validation of Stiffness Modification

For this validation, the same experimental protocol is
used in terms of initial loading of the prototypes. The
compression force is now measured using a force cell
(Zwick/Roell Xforce HP 500N), as seen in Fig.[I4] The pro-
totypes used to assess the impact of fold density modifica-
tion are based on the same geometrical setM: b = 174.6 mm,
[ =202.2 mm r = 90 mm and n = 8. It defines the tower O,
for which FD = 100%. Towers 4 and 5 are prototypes pro-
duced respectively with F'D set to 80% and 60%.

To assess the impact of the proposed fold modification,
tower 6 is produced with an homogeneous modification of
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FIG. 14: Prototype during testing with vision-based measure-
ment of rotation

the fold line, where the ratio between strokes and breaks dur-
ing the laser machining of the fold line has been modified.
This tower is characterized by the same amount of material
along fold line as the tower 5 with F D set at 60 %, but with a
homogeneous material distribution along the fold line. This
tower is designated by the index 60 — h. Tower 6 is then
compared with both tower 0, which also has a homogeneous
material distribution along fold line, and tower 5, which has
the same amount of material along fold line to highlight the
relevance of material removing at a specific location.

The maximum compression force Fp,x is obtained for a
compression of about § mm as shown in Fig. The values
for towers 0 and 6 are close (Table[3). Reducing the effective
length of material along fold lines from FD=100 % for tower
0 to 60 % for tower 6 causes a reduction of the maximal force
by 3.8%. In comparison, the maximal force is lowered by
63 % when using the tower 5, based on the same amount of
material along the fold line than the tower 6. The impact
of the proposed fold line modification is then significantly
higher than the one created by a global modification of fold
line pattern.

The value of Fiyax for tower 4 (F'D = 80 %) is reduced by
56 % in comparison with the tower 0. That means removing
20 % of the fold line leads to a decrease of the maximal force
of more than half. The impact of the F'D parameter is very
significant.

Direct measurements of the height for the stable config-
urations were also performed. All the towers from Table
use the same set of parameters M, thus the theoretical val-
ues of iy and hy are identical and equal to 106.3 mm and
166.3 mm. The average position difference with theoretical
values for towers 0 and 6 is about 0.5 mm, and about 3.6 mm
for towers 4 and 5. For these towers, the mains differences
are related to the values of /1, which describes the configu-
ration where the tower is compressed at most. The impact
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FIG. 15: Tower angle ¢ as a function of the tower height A.

In pink, the theoretical curve for ¢y, in yellow, the theoretical

curve for ¢; and in black, the measured curve. The solid

line compose the curve for theoretical ¢(h) according to the

definition interval defined in Eqn. ()

of fold line modification can be seen as acceptable, as it re-
mains in the order of 5 %, even though that will depend on
exact application requirements. This means the synthesis of
the tower could be achieved in two phases. First the pattern
geometry can be defined to achieve the two stable configura-
tions. Then the stiffness level can be modified using the fold
modification approach.
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FIG. 16: Force-displacement curves obtained from compres-
sion tests of towers described in Table

Table 5: Measured values of s, /> and maximum force for
prototypes with modified fold lines

Tower FD [%] Fpax IN] Ay [mm] A, [mm]
0 100 54.8 105.5 165.8
4 80 242 114.8 167.1
5 60 14.9 110.3 167.3
6 60-h 52.7 105.6 166.4

5 Conclusion

In this paper, we provided tools to the designer to
build compliant components based on the Kresling tower for
robotic applications. The origami provides specific motion
of its panels, with an overall behavior that can be applied as
a bistable helical joint. The tower is then of great interest
if associated to a building block design approach. Relation-
ships have been established between the origami pattern and
the characteristics of interest which were defined as the posi-
tion of bistable configurations, the inner radius of the struc-
ture, and the orientation of the panels. The experimental re-
sults on origami, achieved using materials and processes for
suitable with robotic applications, have confirmed the valid-
ity of the proposed model.Additionally, an original modifi-
cation of fold lines at specific locations was introduced to
modulate the stiffness of the Kresling tower. Experimental
observations confirmed the provided models can be used to
select an origami pattern, according to design input param-
eters. The impact of our specific fold line modification was
investigated experimentally as well. Results are confirming
the significant impact on stiffness, while the error on the po-
sition of stable configurations is not significantly increased
by fold modification. This means it seems possible to cor-
rect the origami stiffness independently from its kinematics.

Two approaches can be envisioned to be capable of tun-
ing the tower stiffness. The first one would be purely ex-
perimental, using a trial and error process. The other one
would be based on a model, that can be established using fi-
nite element simulation and identification. Model building
and comparison of the two approaches constitute the main
perspectives of the work.
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