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Abstract— For grasping (unknown) objects, soft pneumatic
actuators are primarily designed to bend towards a specific
direction. Due to the flexibility of material and structure, soft
actuators are also prone to out-of-plane deformations including
twisting and sidewards bending, especially if the loading is
asymmetric. In this paper, we demonstrate the negative effects
of out-of-plane deformation on grasping. A structural design
is proposed to reduce this type of deformation and thus
improve grasping stability. Comparisons are first performed
on soft pneumatic actuators with the same bending stiffness
but different resistances to out-of-plane deformation, which
is realized by changing the cross-section of the inextensible
layer. To reduce out-of-plane deformation, a stiffening structure
inspired by spatial flexures is integrated into the soft actuator.
The integrated design is 3D printed using a single material.
Physical experiments have been conducted to verify the im-
proved grasping stability.

I. INTRODUCTION

One practical application of soft robots is to pick and place
objects in unknown environments. In soft robots, the grasping
motion is often realized by the bending of soft pneumatic
actuators, induced by the inflation of air chambers that are
made of soft material [1]–[4]. While the soft actuators are
designed to bend towards a specific direction, their flexibility
allows them to deform in other directions when the reaction
force from the objects is asymmetric – i.e., not in the plane
of intended bending. As illustrated in Fig. 1, out-of-plane
deformations include sidewards bending (B) and a combina-
tion of bending and twisting (C). This type of deformation
is not typically observed either in our human hands or in
conventional rigid robotic grippers [5]–[8]. Rigid robotic
grippers and also human hands, composed of rigid phalanxes
connected by joints, have a limited number of degrees of
freedom (DOFs). In contrast, soft pneumatic actuators have
a large number of DOFs which allows complex deformation
when they are confronted with different loading conditions.
As soft actuators are intended to operate in situations where
the shape and position of objects are unknown, the chance
of having these asymmetric loadings is high.

Instability of soft grippers due to out-of-plane deformation
was discussed at the early stage of soft robotics research [9].
Dexterous grasping using soft pneumatic actuators revealed
significant out-of-plane deformations [10]. A sensorized ver-
sion of the soft hand confirmed that significant twisting and
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Fig. 1: Besides in-plane bending (A), the flexibility of soft
pneumatic actuators allows out-of-plane deformations includ-
ing sidewards bending (B) and a combination of bending and
twisting (C), which could reduce the stability of grasping.

lateral bending occur when grasping a spherical object [11].
In line with this, in Fig. 2 we demonstrate that a three-
fingered soft pneumatic gripper failed to stably grasp a sphere
due to the out-of-plane slippage of the actuators. Similar
failure is also reported for a four-fingered gripper [9], [12].

The out-of-plane behavior is often not reported during
evaluation of soft pneumatic actuators. For example, force
measurements of soft pneumatic actuators are commonly
performed using symmetric loadings [3], [13], [14]. Fur-
thermore, optimization of the actuators commonly focuses
only on the in-plane deformation [3], [15], neglecting the
consequences of the design changes on the out-of-plane
behavior of the actuator.

In early works spring models were developed to under-
stand slipping phenomena of soft grippers [9], [16]. Morrow
et al. [12] suggested the use of lower friction fingertips to
prevent some out-of-plane slippage. This comes with a loss
of desired in-plane friction as well. To reduce out-of-plane
deformation, a simple way is to increase the stiffness by
fabricating the actuators using stiffer materials. However, this
also increases the in-plane stiffness and therefore requires
a higher actuation effort. Anisotropic stiffnesses can be
created using paper layers [3], or fiber reinforcements [17].
However, it is not known how these principles can be applied
to reduce out-of-plane deformation. Different from existing
works, we improve grasping stability by structural design
that increases out-of-plane stiffness without modifying the
in-plane stiffness.



Fig. 2: A three-fingered soft pneumatic gripper failed to grasp a spherical object due to the progressive out-of-plane
deformation. Slipping occurs at a pressurization of about 400 kPa.

A. Our approach
In this paper, we approach the problem of out-of-plane

deformation by structural analysis. Our purpose is two-fold.
First, we demonstrate the effects of out-of-plane deforma-
tion on the grasping stability of soft actuators (Section II).
This demonstration, through the physical experiments and
numerical simulations, is performed on a pair of actuators
which have the same in-plane bending stiffness but different
stiffnesses to out-of-plane deformation. We evaluate these
actuators in terms of exerted forces when they bend towards
a flat and an angled surface. This demonstration serves as a
guideline for structural optimization of soft actuators.

Second, we propose a stiffening structure to increase the
out-of-plane stiffness (Section III). This stiffener pattern has
a marginal in-plane bending stiffness, but provides strong
resistance to the out-of-plane deformation. Our design is
inspired by the spatial flexures [18]–[20]. The improved
actuator is fabricated by 3D printing using a single material,
and is verified by physical experiments (Section IV).

II. OUT-OF-PLANE DEFORMATION

This section is dedicated to demonstrate and analyze the
importance of the resistance to out-of-plane deformation for
stable grasping. The out-of-plane slipping of soft pneumatic
actuators includes the effects of sidewards bending, twisting
and twist-coupled bending. The influences of these defor-
mations to the stability of grasping depend not only on
the actuator design but also on the loading that is applied.
Moreover, the actuator’s stiffness with regards to these
deformations changes over the actuation range. Analytical
description of such complex deformation is difficult. Our
approach thus mainly relies on physical experiments and
numerical simulations.

To isolate the out-of-plane deformation from other factors,
we test a pair of actuators which have an equal stiffness
to in-plane bending, but with different stiffnesses to out-of-
plane deformation. Building upon a commonly used type of
soft actuators as the basis, an extra beam is added to its
inextensible layer (see Fig. 3). The extra beam is placed
along the full length of the actuator. For small in-plane
deflections, the radius of curvature R of a beam is calculated
by

R =
EIz
M
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Fig. 3: Experimental setup. We measure the vertical compo-
nent of the in-plane force for an actuator interacting with an
object. In this scenario, the object has a 45◦ angled surface.

where E and M are Young’s modulus and the applied
bending moment, respectively [21]. Iz is the area moment
of inertia around the z-axis,

Iz =
bh3

12
, (2)

where b indicates the base width and h indicates the height
of the beam.

We compare two beams with different dimensions of the
cross-section, one with a width b = 20mm and a height h =
2mm, and the other one with 6mm×3(≈ 3

√
80/3)mm. The

height is designed smaller than the width to prevent buckling
on the beams. The area moment of inertia for in-plane
bending, Iz , for these two beams is the same. In contrast,
the area moment of inertia for sidewards bending (Iy) has
a difference of around 25 times – with the one having
b = 20mm being stiffer. This is calculated by switching



Fig. 4: Vertical component of the in-plane forces exerted by
an actuator having a 6mm beam (blue) or a 20mm beam
(orange). When confronted with a flat surface (symmetric
loading), the exerted forces as represented by solid curves
are nearly the same for both actuators. When confronted with
an angled surface (asymmetric loading), the actuator with
20mm beam exerts comparable forces (dashed, blue) as in
the case of symmetric loading. In contrast, the actuator with
6mm beam exhibits smaller forces (dashed, orange) and fails
to consistently exert a force when the pressure is larger than
240 kPa.

b and h when considering another bending direction.
The torsional stiffness of the actuator is also changed when

different beams are attached. The torsional stiffness k of a
beam can be calculated by

k =
JTG

l
(3)

where l is the beam’s length, G is the shear modulus and JT
is the torsional constant. When b ≥ h, the torsional constant
of a rectangular cross-section can be approximated by

JT ≈ bh3
(1
3
− 0.21

h

b

(
1− h4

12b4

))
(4)

with an error not greater than 4% (ref. [21]). Therefore, the
torsional stiffness of the 20mm-width beam is around 35%
higher, which is also good against the unwanted out-of-plane
deformation.

To ensure identical contacts with the object in the presence
of variably sized beams, we add a fingertip-beam along the
z-axis to the free-end of the actuator. Both actuators are
fabricated by a 3D printer using Fused Deposition Modeling
(FDM). A flexible filament (Ultimaker TPU 95A) is used.

A. Experimental Analysis

To quantify the actuator’s resistance to different defor-
mations during grasping, we test the force exertion of the
actuators on a flat surface (symmetric loading) and a sur-
face under an angle of 45 degrees (asymmetric loading, cf
setup in Fig. 3). The contact surfaces of both objects have
been printed flat on the printbed to ensure identical friction
coefficients. The distance (d) between the first contact and
the tip of the actuator (i.e., the inextensible layer) is 20mm.
When the actuator is pressurized, it exerts a force to the
flat (or inclined) surface. The vertical component of this
force is recorded. We progressively increase the pressure by
using 40 kPa pressure intervals. As the actuators show very

Fig. 5: Average stress-strain relationship for 10 TPU 95A
dumbbells and fitted nonlinear material model.

slow slipping, we wait 10 seconds at each pressure before
recording the corresponding force. When the actuator bends
towards the inclined surface its free-end slips down along
the surface. We consider the actuator as slipped away when
its sidewards displacement reaches 20mm (zmax, cf Fig. 3).
Each actuator is tested three times. Here we purposely
measure the contact interaction when the actuator is already
in a bent configuration, as this more closely simulates a real
grasping situation. The actuator’s stiffness with respect to
the out-of-plane deformations such as sidewards bending and
twisting usually decreases rapidly when the bending of the
actuator is increased.

The experimental results are shown in Fig. 4. The solid
curves represent the measured vertical forces under symmet-
ric loadings. These two curves are very close. This confirms
that the in-plane bending behavior of actuators with the same
Iz (Eq.(2)) is almost identical. The dashed curves are corre-
sponding to vertical forces when the actuators are confronted
with an angled surface, i.e., an asymmetric loading condition.
The actuator with a wider beam is still able to exert a large
force. In contrast, the other actuator slipped away before the
pressure reaches 250 kPa, and failed to apply a large force
onto the angled surface. Slippage points are indicated with
a star in Fig. 4. This comparison reveals the importance of
the out-of-plane stiffness for grasping stability.

B. Numerical Simulation

We further verify the different behaviours in deformation
by using numerical simulation.

First of all, the tensile properties of the material (Ultimaker
TPU 95A) were determined from experiments. A total of
10 dumb-bell test pieces were 3D printed in different XY-
orientations on the printbed. We used a test length of 25mm
and a test speed of 500mm/min, according to the ISO
37 norm (test piece type 1). The (average) stress-strain
relationship is plotted in Fig. 5. As the material behavior is
nonlinear, a second order polynomial strain energy function
was selected to fit the measured data. The friction coef-
ficient was estimated through a sliding test. The slipping
point of the Ultimaker TPU 95A surface on an angled
surface of smooth PLA (all obstacle contact surfaces are
printed flat on the buildplate) was determined at 25 degrees.
Therefore, the static friction coefficient was determined at
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Fig. 6: The actuator with a 6mm-width beam (a) and the
actuator with a 20mm-width beam (b) show almost identical
bending behavior (demonstrated at a pressure of 400 kPa).
The simulation results ((c) & (d)) agree with the physical
experiments. The colors projected on the deformed actuators
indicate the magnitude of the spatial displacement of the
nodes, ranging between 0mm (dark blue) and 120mm (dark
red) for all simulation results.

µ = arctan(25◦) ≈ 0.47. The pressure is increased slowly
in our experiments to assume the static friction holds.

Numerical simulations were performed using ABAQUS.
The NLgeom option in ABAQUS is used to enable simulat-
ing large displacements. The actuator and the obstacle have
been positioned in the same configuration as shown in Fig. 3.
For the angled obstacle, we use a finite sliding formulation.
For the flat obstacle, we use a small sliding formulation.
We also include the effect of gravity on the actuator and
detect self-contact between the bellows. After applying a
pressure of 400 kPa to the actuators. We output the in-plane
components of the forces due to the contact pressure and the
frictional stress on the obstacle.

The simulation results are reported in Figs. 6-8. Fig. 6
confirms that the 6mm beam actuator and 20mm beam
actuator exhibit the similar in-plane bending in the absence
of obstacles. Fig. 7 (a) and (c) show that the actuators deform
similarly when they are resisted by a flat surface. When they
are confronted with an angled surface, the actuator with a
6mm beam, Fig. 7(b), has a larger sidewards deformation
than the one with a 20mm beam (d). The vertical contact
forces in numerical simulations are plotted in Fig. 8. Similar
to the physical test results plotted in Fig. 4, it shows that the
actuator with the 6mm beam failed to exert a larger force
on the angled surface (dashed orange curve). Although the
simulation of contact force on a flat surface is in good agree-
ment with the physical tests shown in Fig. 4, the simulation
for the cases with the angled surface agrees less well with
the forces measured in physical experiments. This indicates
the difficulty of simulating the slipping phenomenon, and
therefore the need for conducting physical experiments.

III. REDUCING OUT-OF-PLANE DEFORMATION

In the previous section, it has been demonstrated that a
smaller out-of-plane deformation is beneficial for maintain-
ing a firm contact with objects while under the same in-plane
bending stiffness. Thus, it can potentially improve grasping
stability. In the experiments, we increased the relative stiff-
ness to out-of-plane deformation through an extra beam that

(a) 6mm-width beam on a flat surface (b) 6mm-width beam
on an angled surface

(c) 20mm-width beam on a flat surface (d) 20mm-width beam
on an angled surface

Fig. 7: Simulated deformation of the actuator with a 6mm-
width beam ((a) & (b)) and the one with a 20mm-width
beam ((c) & (d)). An obstacle with a flat surface ((a) & (c))
or an angled surface ((b) & (d)) is in the way of bending.
The deformation results are similar in the case of a flat
surface, while in the case of an angled surface the actuator
with a 20mm-width beam (d) shows a smaller sidewards
deformation.

Fig. 8: Simulated vertical force between the actuators and
the flat or angled surface.

was attached to the inextensible layer, which necessitates a
higher actuation effort.

In this section, we present a newly designed stiffening-
structure which has marginal effects on the in-plane bending
but significantly increases the out-of-plane stiffness. The
structure is shown in Fig. 9. The design is inspired by the
infinity-flexure presented in [19]. We use the inextensible
layer as the main flexure and add auxiliary flexures in
perpendicular direction between each bellow segment. Then,
the auxiliary flexures are connected at the ends through
additional elements. Loading the actuator in torsion rxl

will
load the auxiliary flexures in the constrained ryl

-direction
(see Fig. 9). As the auxiliary flexures are connected in series,
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Fig. 9: The improved soft actuator design with stiffening
structure.

their deflection angle is much smaller than the total deflection
angle of the actuator α, thereby limiting the decrease of stiff-
ness in ryl

-direction. This ensures that the actuator retains a
significant torsional stiffness at large deflection angles. At the
same time, the auxiliary flexures barely increase the bending
stiffness about the rzl -direction.

The heights of the auxiliary flexures above and below
the inextensible layer are empirically determined and indi-
cated in Fig. 9. A smaller height hb increases the in-plane
bending stiffness. However, a large hb results in severe self-
contact when the actuator bends forward. At the fingertip,
no auxiliary flexures are added below, to avoid undesired
interaction between the flexures and the grasping targets.
We note that the upper auxiliary flexures are beneficial for
forward bending. Collisions between the flexures and the
expanding bellows effectively increase the elongation of the
extensible layer, thus improving the bending performance
[3]. On the other hand, these flexures reduce the range for
reverse bending, which is sometimes required for grasping
larger objects. In this case, the distance between the bellows
should be increased.

IV. RESULTS

We compare our design to a reference design with an
identical inextensible layer with a thickness of 0.8mm and

(a) (b)

Fig. 10: (a) Fabricated design with and without stiffening
structure. (b) Self-collision between the bellows and the
stiffening-structure results in an increase in the exerted force.

Fig. 11: Vertical component of the in-plane force exerted by
different designs on a 45◦ angled surface (top) and a flat
surface (bottom). Slippage points are indicated by a star.

a width of 20mm (see the bottom of Fig. 10(a)). We test
the actuators using the same setup shown in Fig. 3. Figure
11 shows the vertical forces exerted on the flat surface and
the 45◦ angled surface. The design with stiffening-structure
was able to exert a force of 3.11N on a 45◦ angled surface
before reaching a sidewards displacement of 20mm. This
force is more than 70% higher than that of the reference
design (1.82N ). It is also observed that at the same pressure
the stiffening-structure reinforced design exerts a larger in-
plane force on the flat surface. This can be explained by
the accelerated self-collision between the bellows due to the
stiffening-structure, as is highlighted in Fig. 10(b).

We integrate the bellows with stiffening-structure onto
a gripper with three fingers. Figure 12 shows the newly
designed gripper grasping a variety of objects stably at a
pressure of 500 kPa. It should be noted that the gripper with
the 6mm-width beam failed to grasp the spherical object
(Fig. 2) before reaching such a pressure, with a failure
happening at a pressure of 400 kPa. Similarly, a gripper
built from the reference design actuators (Fig. 10(b)) showed
several failed grasps for the tape-measure, the wrench and



Fig. 12: A gripper consisting of three actuators with the
stiffening-structure can stably grasp a variety of objects at
a high pressure of 500 kPa.

the marker at pressures below 500 kPa due to out-of-plane
deformation. The design with stiffening-structure also in-
creases the quality of the successful grasps in terms of
holding force. Note that oblong objects such as the wrench
and the marker are held in place in a straight orientation,
whereas the reference gripper would hold these objects in
a less stable orientation due to out-of-plane deformation of
the gripper fingers. We further demonstrate the improved
grasping stability in the supplementary video material.

V. CONCLUSIONS

This paper demonstrates the importance of the out-of-
plane stiffness of soft actuators for grasping stability. Un-
der the same in-plane deformation, a smaller out-of-plane
deformation is beneficial for stable grasping.

The newly designed stiffening-structure increases the out-
of-plane stiffness with minimal influence on the in-plane
stiffness. The stiffening-structure retains a significant out-
of-plane stiffness when it is in a bent configuration. An
actuator with the reinforced out-of-plane stiffness is able to
exert higher forces without slippage when confronted with
asymmetric loadings.
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