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Abstract—Non-rigidly foldable origamis are of great interest
to build robotic components, as they are light, offer large
deployability and can also be multistable. In this paper, we
consider the Kresling tower, and propose an original way to
actively modulate its kinetostatic properties. Actuated stiffening
mechanisms are embedded on some folds of the origami. By
adjusting the axial stiffness of the folds, modulation of stiffness
and the force required to switch between stable configurations
are demonstrated. This adjustment can in addition be performed
independently from the height of the stable configurations, which
makes it simple to use. The interest of fold stiffening is outlined
experimentally. Three actuation strategies are considered and
implemented. Impact on Kresling tower properties are shown,
with complementary performances of pneumatic, SMA-based and
DC motor actuation.

Index Terms—Mechanism design, origami-based robotics, stiff-
ness variation

I. INTRODUCTION

Origami-inspired mechanisms are considered today in ma-
nipulation [1], mobile [2] or medical robotics [3], among
others. Origami construction is based on the folding of a planar
pattern to form a set of panels and folds in 3D. This process
allows to produce lightweight mechanisms compared to their
volume. Assembly in parallel of folds and panels allows them
to be considered for tasks where stiffness [4] and load capacity
in comparison with their weight [5], [6] are important, while
offering large motions and shape changing capabilities.

The class of non-rigidly foldable origamis [7] is particularly
interesting for robotics. For such origamis, the 3D configura-
tion change implies deformations of the structure. This leads
to structures that can be, in addition to the above-mentioned
properties, bistable or even multistable [8]. For instance, the
Kresling tower has been exploited in mobile [2], [9] and
medical [3] robotics. Its behavior depends on the pattern
geometry and also the stiffness of its folds and panels [10],
[11]. This means the position of the stable configurations, the
stiffness in these configurations, the force needed to switch
between them, and more generally the kinetostatic model of
non-rigidly foldable origamis can be modified by adjusting
fold and panel stiffness [12].

Dynamically adjusting the kinetostatic model can be of great
interest. A non-rigidly foldable origami could then be used for
instance as a structural element with safety features such as
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Stiffening mechanism

Fig. 1. Prototype of the proposed Kresling tower with embedded stiffening
mechanisms during assessment.

stiffness variation, or integrated force limiter, for collaborative
robots. Several solutions have been proposed in the literature
that could be applicable. In [13], [14], an external vacuum-
activated structure is added around origamis. It allows a
modulation of stiffness, but the external system might interfere
with the origami free motion. In [15], the authors propose
to lock the relative motion of panels by integrating SMA-
based active elements along folds. The solution is compact,
but mostly allows a binary operation. In [16], the torsional
stiffness of origami folds is modulated. Stiffness variation is
then possible. Such a torsional stiffness variation of the folds is
also achieved in [17] using shape memory polymers. With the
same technology, the ability to make a monostable or bistable
origami is shown in [18], using a non-rigidly foldable origami.
However, the position of stable configurations, the stiffness
and forces to switch between stable configurations are coupled
and cannot be set independently.

In this paper, we propose to avoid these couplings and use an
alternate approach to actively modify the kinetostatic model
of non-rigidly foldable origamis. We focus on the Kresling
tower, given its applicative interest. We have shown in [19]
that the behavior of this origami can be significantly modified
by making a simple local modification to the folds, via local
openings. Stiffness and switching force, i.e. the force needed
to get the transition between the two stable configurations,
vary with the size of the opening, independently from the
location of the stable configurations. Here, we propose to
actively modify the impact of the openings, and by this
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Fig. 3. Schematic representation of the 4 tested reinforcement modes: the
stiffening components are in red. The attachments are not represented for
sake of visibility.

way the tower behavior, by controlling the axial stiffness of
the modified fold, instead of tuning the torsional stiffness.
The targeted applications concern collaborative robotics, with
stiffness control of structural elements as in [20], or bistability
control of gripper as in [21]. The work is conducted with these
applications in mind.

The design process we adopted is mostly based on experi-
mentation. The interest of integrating a solution on folds of the
tower is put forward in section 2 through preliminary experi-
ments. Then, the design of three active solutions is described
in section 3, using pneumatic, electric and shape memory alloy
actuation. An experimental characterization campaign is then
set up in section 4 to discuss the contribution of the solutions
and their respective interests given their different activation
times, stiffness and bulk. Conclusions and perspectives are
finally proposed in section 5.

II. PRELIMINARY EVALUATION FOR THE CHOICE OF THE
STIFFENING MODE
A. Kresling tower and stiffening modes

The pattern of the Kresling tower is defined by a set
of 4 parameters (I,b,7,n) shown in Fig. 2. Its lower and
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Fig. 4. Simplified representation of Kresling tower force-height relationship.
The red arrows show the direction of travel. Points 1 to 4 are used to
characterize the tower.

upper faces are considered respectively as the base B and the
effector E. The effector has an helical motion [9]. The tower
can exhibit bistable behavior with two equilibrium states,
characterized by the height of the tower. Typical relationship
between the force exerted on the effector and the height that
characterizes the tower configuration is depicted in Fig. 4. The
stable configurations correspond to two heights h; and heo.
There is usually some dissipation in the system, so the loading
and unloading phases are not superimposed. The mechanism
bistability comes from the deformation under compression of
the panels, which do not remain flat, and the folds, which do
not remain straight. We have introduced in [19] a local fold
opening, around the middle of the folds. It facilitates the defor-
mation during the compression of the tower. The fold opening
does not modify the location of stable configurations [19].
However, we could show it is possible to modify by design
the other values of interest on the force-height relationship,
shown in Fig. 4: the switching force to go from high to low
(resp. low to high) configurations, denoted S F5; (resp. SFis),
the tower stiffness in low (resp. high) configurations k; (resp.
ko).

Our objective is to actively adjust these quantities. The
proposition is then to place a mechanism in parallel to the
fold opening, to modify the kinetostatic behavior of the tower.
The Kresling tower has a complex motion, with large reconfig-
urations of the panels during the folding (see video). We want
to place stiffening mechanisms directly on panels or folds, and
not between the base and effector. In this way, the Kresling
tower motion is not modified if the stiffening mechanisms are
not activated. To achieve this, one can consider stiffening the
panels, or stiffening the folds, as both are involved. Therefore,
a preliminary experimental evaluation has been performed to
identify the most relevant stiffening mode, and the best way
to couple a stiffening solution to the origami.

B. Experimental evaluation

The Kresling tower we consider in the remaining of the
paper is defined by (I, b, 7,n)=(202.2 mm, 174.6 mm, 90 mm,
8), so that by design h; = 106.3 mm and hy = 166.3 mm.
The local opening is 20% of the mountain fold length. Metal
stiffeners, much more rigid than the polymer material of the



TABLE I
NATURE AND IMPACT OF REINFORCEMENTS. TYPE DESCRIBES THE
REINFORCEMENT STRATEGY: P (RESP. F) IS PANEL (FOLD) STIFFENING.
POSITION DESCRIBES THE ATTACHMENT MODE: G (RESP. L) IS FOR
GLOBAL (LOCAL) ATTACHMENT ALONG PANEL/FOLD.

.. SF k k
Tower | Type | Position [N] [N /sz] N /rim]
T1 P L +5.9 -0.1 -3.4
T2 P G +17.7 +0.5 +9.0
T3 F L +9.8 +0.2 +4.1
T4 F G >422.6 +2.2 +11.6
e |
y & |
= s‘ M=y ‘;' s

Fig. 5. Weight application to measure the switching force (left). Stiffness
assessment for the low configuration (right).

tower, are placed on panels or folds to assess their impact.
Four reinforced towers Ti, i€ (1,4) (Fig. 3, Table I), are
compared before and after insertion of reinforcement elements.
For panel stiffening (towers T1, T2), strips are inserted on
panels adjacent to 4 mountain folds, one out of two. For
fold stiffening (towers T3, T4), a set of 4 rods is inserted
along the mountain folds, one out of two. In both cases, we
consider either an attachment along the panel/fold length, or
only locally around the fold opening. Towers are produced
using polypropylene (PP), following [22]. The 0.5-mm thick
PP sheet is laser cut (Speedy 300, Trotec Laser GmbH) with
folds produced using a dashed profile [19].

The evaluation is conducted using two criteria: the switching
force SF5; and the stiffness k1 and ks in the two stable con-
figurations. To assess the switching force, increasing weights
are placed on the effector of the prototypes, until the switch is
observed (Fig. 5). Weight increments are 100 g, and they are
applied every 30 seconds to make experiments comparable,
even in presence of material viscoelasticity. Experiments are
stopped when reaching a weight of 6 kg, which is roughly
twice the value for a tower without any stiffening, to avoid
degradation of the prototypes. For height estimation, a dial
indicator and gauge blocks are used. In a first step, the
indicator probe is lightly applied on the tower effector using
the adjustment wheel. This avoids to apply any significant
force that would induce tower displacement. Then gauge
blocks are used to determine the probe height. The process is
repeated for 4 vertices of the origami, and the average height is
reported. For stiffness estimation, a 1.5-kg weight is placed on
top of the tower and measuring the resulting displacement of
the effector as shown in Fig. 5. A 3-minute delay after weight
application is respected, so all measurements are comparable.

The results are reported in Table I. The procedure was
also used with reinforcement placed on 2 opposite and on
all 8 mountain folds of the origami. Using 2 reinforcements
has almost no effect. Using 8 reinforcements has an impact,
but which is less than twice the variation introduced by 4
reinforcements. Only the results with 4 reinforcements are thus
presented and discussed, because of the significant influence,
without being a limitation in the study.

Attachment along the whole panel/fold has a greater impact
than local attachment around the fold openings. The high-
est variations are observed with towers using reinforcements
on the folds. In addition, we observed that anchoring the
stiffeners on the panels is difficult to integrate because of
space constraints. With T4 tower, the switching force is
increased by more than 22.6 N with respect to the behavior of
the tower without reinforcement. This represents a variation
larger than 62%. Only the T4 tower allows to significantly
increase the stiffness k;. Similarly, the best results in terms
of increase of ko stiffness are obtained with the T4 tower.
The most interesting stiffening mode is thus to use stiffening
mechanisms attached to the folds, along the maximum possible
length.

III. DESIGN OF STIFFENING MECHANISMS
A. Operating principle

Given the initial observations, 4 identical mechanisms are
mounted on the Kresling tower, on one out of two mountain
folds. They are not linked to the panels to avoid any restriction
in the motion of the Kresling tower. Each mechanism must act
along the axis of the fold. To explain the proposed operating
principle, we first consider a perfectly rigid mechanism. The
corresponding use is described in Fig. 6. When the Kresling
tower is in one of its two stable configurations (Fig. 6.a.), the
mechanism can be activated to suppress the relative motion
of the fold vertices, needed during the tower motion. In that
situation, the Kresling tower becomes fully rigid. To move
away from one stable configuration, as shown in Fig. 6 b.,
the mechanism is deactivated. The tower can then be used
normally, with an external action to move the effector. During
the tower motion, there is a relative displacement of the
fold vertices. One can note that the locking component (in
red on Fig. 6) must be at a distance at least equal to this
displacement from the base of the mechanism (in blue) to
avoid any constraint on the tower.

The stiffening mechanism, and in particular its actuator,
cannot be perfectly rigid. The stiffness of the actuator selected
to activate the mechanism impacts the modification of the
Kresling tower behavior. With compliant actuators, it will
be indeed possible to switch between stable configurations
while the stiffness mechanisms are activated, but the tower
behavior will be modified by the mechanism compliance.
In other words, the compliance level of the actuator should
allow for different types of changes on the tower force-height
relation. At the same time, the interaction forces between the
mechanism and the tower will also vary depending on the
stiffness of the mechanism.
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Fig. 6. Principle of the use of stiffening mechanisms.

B. Actuation strategies

Three distinct solutions are considered to assess the impor-
tance of the actuation type, namely pneumatic actuation, use of
shape memory alloy (SMA) wires, and DC motor actuation.
They are chosen to be very different in terms of stiffness,
dynamics and technologies, while being of a compactness and
mass compatible with future integration on a Kresling tower.

Pneumatic actuation offers a significant level of compliance,
thanks to air compressibility. For implementation (Fig. 7a.), a
standard single-effect small size cylinder is used (CJPB4-10,
SMC Corp.). Activation is obtained by applying pressure in
the cylinder to get stiffening. Initial testing of the tower shows
the relative displacement of fold vertices is about 8 mm. The
cylinder stroke is accordingly chosen equal to 10 mm. Activa-
tion is quasi-instantaneous, and the motion during deactivation
is obtained thanks to the spring of the pneumatic cylinder. With
this solution, it is possible to modulate the pressure (up to 7
bars) and hence the force applied along the fold.

The second type of actuation is based on SMA wires, well
known for their compactness. For implementation (Fig. 7b.),
375 um wires are used (Flexinol LT 375 pm, Muscle Wires®).
They have a deformation under thermal activation with Joule
effect of 3-5% and pulling force of 22 N, according to
the manufacturer. For integration, a pulley is added to use
the SMA wire contraction to get the stiffening effect. As
long as the wire is hot, the tower is stiffened by the SMA
wire. Activation time is longer than with pneumatic actuation,
measured to be in the order of 10 seconds, if we consider
the required cooling time. The motion during deactivation is
ensured by introducing manually an initial pretension of the
SMA wire.

Finally, a DC motor actuation is considered. For implemen-
tation (Fig. 7c.), a screw-nut transmission is used. The motor
(RS Pro 834-7647) is a 0.3 W geared DC motor that can
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Fig. 7. Design of stiffening mechanisms with a) pneumatic actuation, b)
SMA wires, ¢) DC motors. For each mechanism: modified Kresling tower
(left), simplified CAD representation (middle) and kinematic scheme (right).
Color codes for the kinematic scheme are reported on the CAD view.

generate a torque of 35 N.mm. The screw-nut system is non
backdrivable and the overall transmission much stiffer than
with the other two actuation strategies. The motor is connected
through a pair of gears to avoid collisions with the panels and
folds. The reduction ratio related to these gears is 0.83. To set
the mechanism in active state, the motor rotates to bring the red
part into contact with the blue one. Once in contact, a current
measurement of the motors is used to ensure a certain torque
and then power is switched off. Then, to set the mechanism
in inactive state, the motor is used to back off the red part,
using a timer to end the motor rotation. The mechanism needs
about 3 minutes to go from its inactive state to its active state.

IV. EXPERIMENTAL CHARACTERIZATION
A. Protocol

The Kresling tower behavior is being evaluated using a
tensile test machine (Zwick/Roell, Z005). The relative motion
between the base and the effector of the tower is an helical
motion. It was observed that the parallelism between them
can slightly vary during the tower motion. Thus, a specific
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Fig. 8. Interface between the Kresling tower and the tensile test machine.
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Fig. 9. Simplified representation of the experimental protocol for assessment
of stiffening mechanism impact.

set-up is built to connect the Kresling tower with the testing
machine (Fig. 8). It is composed of a spherical joint serially
connected to a planar joint. Tension-compression cycles can
then be applied to the tower prototypes, controlling the tower
height. The range of displacement is chosen to make sure
we start above the high tower height ho and go below the
low height h;. The speed control of the crossbeam is set at
500 mm/min.

PP viscoelasticity was outlined in [23]. It was handled in
the first experimental phase by using identical conditions for
all prototypes. Here, the stiffening mechanisms have rather
different activation times, so the experimental protocol (Fig. 9)
is built to avoid any bias. The protocol is composed of 3
phases. First, a 200-cycle running-in procedure is performed.
The stiffening mechanisms are then mounted. A time ¢; of 2
hours is allocated to this operation. The second phase aims at
stabilizing the behavior of the tower. The tower is submitted to
100 cycles, which allows us to see an established steady-state
behavior. The last cycle is exploited to assess the tower. Then
the 4 stiffening mechanisms installed on the prototype are
activated. The activation time is denoted ¢,. After activation,
10 cycles are carried out in order to assess again the tower
while the mechanisms are activated.

As outlined in Fig. 4, 6 values of interest are estimated from
force-height curves: the heights for stable configurations (h
and hs), the stiffness around these configurations (k; and k2)
and also the switching force SFy; (resp. SFo to go from hy
(h2) to ha (hi). They are obtained by determining points 1
to 4 on Fig. 4.

The activation time may bias the assessment, because of the

PP relaxation. For each prototype, the protocol is thus also per-
formed for the tower without the stiffening mechanisms, using
the corresponding activation time ¢, as a rest time. All results
given in Table II are obtained after substracting the variation
of switching force, stiffness and stable configuration position
which is then measured and due to the PP nonlinearity.

B. Results

The results are gathered in Table II. For height measure-
ments, the differences Ah; and Ahs between measured and
computed values using model in [19] are reported. For pneu-
matic actuation, it was possible to have repeatedly a transition
between the two stable configurations without deactivation of
the stiffening mechanisms. This was not the case for SMA and
DC motor actuation. Breakage of some connecting elements
with the Kresling tower occurred after 3 cycles for SMA
actuation, and 1 cycle for DC motor actuation. The results
are computed accordingly, by using the Kresling tower after
the same number of cycles to compensate for the impact of
activation time described above. The force-height relationships
for the three actuation strategies are represented in Fig. 10, 11
and 12. For DC motor actuation, a slight discontinuity can be
observed around h=125 mm. That corresponds to the breakage
of a connecting element after recording point 4 (Fig. 4) so all
characteristics of interest are available.

Force
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Fig. 10. Experimental results with the pneumatic actuator. Results with the
inactive mechanism in blue, in green with activation at a pressure of 4 bars
and in red with a pressure of 7 bars. Dashed lines correspond to the theoretical
value of stable configurations.

C. Discussion

All the mechanisms presented in this paper have a signifi-
cant impact on the kinetostatic behavior of the Kresling tower.
First, it is interesting to note that for all solutions, the positions
of stable configurations h; and hq are closer, after activation,
to the values computed during design with [19]. Even though
the relative errors before stiffening are relatively low, in the
order of 5%, this means the presence of stiffening mechanisms
helps in improving the prediction accuracy of the Kresling
tower model. Embedding active mechanisms along the folds
seems helpful, especially for the low configuration: we can
note in particular that with DC motor actuation the error is
almost cancelled.
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Fig. 11. Experimental results with the SMA-based actuation. Results with the
inactive mechanism in blue, in red with activation. Dashed lines correspond
to the theoretical value of stable configurations.
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Fig. 12. Experimental results with the DC motor actuation. Results with the
inactive mechanism in blue, in red with activation. Dashed lines correspond
to the theoretical value of stable configurations.

For all solutions, we are able to increase the switching
force in both operating directions of the tower. We observe
that the increase of the switching force is correlated with the
stiffness of the actuator used by the mechanism. This causes
also an increase of interaction forces, which explains damage
of mechanisms for the 2 stiffest mechanisms when they remain
activated during tower motion. The switching force value
in both directions is tripled with DC motor actuation. The
pneumatic actuation makes it possible to vary the gain in
stiffness according to the operating pressure. The SMA-based
actuation has a significant impact, while being very interesting
in terms of size and weight.

Concerning the stiffness around the two stable configura-
tions, the gain can be very important since the DC motor
actuated stiffening mechanism multiplies by 20 the stiffness
around the high configuration. This behavior shows the ability
of this mechanism to be used as a locking solution, to prevent
configuration switch from occurring. Concerning the stiffening
mechanism with SMA actuation, we note a relatively low
stiffness increase in the high configuration. In addition, the
integration of SMA wires is more delicate because of its
behavior when in interaction with a compliant element, such
as the origami fold. For that solution, the mechanical backlash
present in the prototype may explain the lower impact. As for
the switching force, the progressive addition of pressure in

TABLE II
EXPERIMENTAL RESULTS WITH THE 3 ACTUATION STRATEGIES.

Ahg ‘ Ah1 ko ‘ k1 SF21 ‘ SF12
[mim] [N/mm] [N]

Pneumatic actuation
Inactive 3.7 6.0 4.9 1.4 21.5 -10.6
Active (4 bars) 33 4.0 5.8 24 30.0 -13.8
Active (7 bars) 2.5 2.1 9.0 2.6 334 -16.9
Impact (4 bars) | 11% 33% 19% 74% 26% 30%
Impact (7 bars) | 32% | 65% 83% 89% 40% 59%

SMA actuation

Inactive 3.6 6.0 5.0 1.5 21.6 -10.3
Active 3.2 3.8 6.7 3.1 37.2 -24.1
Impact 17% 37% 34% 107% 72% 134%

DC motor actuation
Inactive 4.5 5.3 5.3 1.5 21.6 9.2
Active 4.1 0.6 108.3 4.3 67.2 -29.0
Impact 9% 88% | 1953% | 190% | 211% | 217%

the cylinder makes it possible to gradually add stiffness in the
stable configurations.

We note that the modification on Kresling tower character-
istics brought by the stiffening mechanisms are always more
important for the low configuration than for the high one. That
can be related to fold deformation, which is visually higher
in that situation. This behavior may however be linked to the
choice of the kinematics of the tower.

V. CONCLUSION

In this paper, we show that it is possible to modify the stiff-
ness and more generally the kinetostatic properties of Kresling
tower, a non-rigidly foldable origami, by embedding active
mechanisms along some folds. Axial stiffness modification of
folds has a strong impact on stiffness and switching force.
With the model of [19], the pattern of the structure can be
defined according to the geometrical or kinematic needs. The
switching force is then independent from the pattern and the
material thanks to the fold opening. The addition of stiffening
mechanism makes it possible to modulate the kinetostatic
behavior of the structure actively. This set of tools allows to
increase the integration capacity of the Kresling tower in more
complex robotic systems with various needs.

This work opens several perspectives. First, the current
method is mostly experimental. Obviously, it will be inter-
esting to model the impact of the stiffening mechanisms, to
go towards fully automated synthesis of Kresling tower for a
given set of desired properties. The assessment of interaction
forces between the origami and the stiffening mechanisms
will also help to adapt designs. Second, to enlarge the pos-
sible scope of applications of origami-based robots, we could
consider further miniaturization of the stiffening mechanisms.
Finally, the use of the proposed stiffening approach will try to
be transposed to other non-rigidly foldable origamis.
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