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Abstract—Robots are often used for sensing and sampling in
natural environments. Within this area, soft robots have become
increasingly popular for these tasks because their mechanical
compliance makes them safer to interact with. Unfortunately, if
these robots break while working in vulnerable environments, they
create potentially hazardous waste. Consequently, the development
of compliant, biodegradable structures for soft, eco-robots is a
relevant research area that we explore here. Cellulose is one of the
most abundant biodegradable materials on earth, but it is naturally
very stiff, which makes it difficult to use in soft robots. Here, we
look at both biologically and kirigami inspired structures that can
be used to reduce the stiffness of cellulose based parts for soft robots
up to a factor of 19 000. To demonstrate this, we build a compliant
force and displacement sensing structure from microfibrillated
cellulose. We also describe a novel manufacturing technique for
these structures, provide mechanical models that allow designers
to specify their stiffness, and conclude with a description of our
structure’s performance.
Index Terms—Compliant joint/mechanism, soft robot materials
and design, soft sensors and actuators.

Fig. 1. Microscope images of an ice plant Delosperma nakurense seed showing a similar geometry as our proposed compliant structure. The same geometry
integrated into a camber-morphing wing. a) Confocal image of a hydro-actuated
seed capsule of an ice seed plant taken from [1] with permission of Springer
Nature. b) Macro-image of the manufactured compliant cellulose honeycomb
structure (θ = 22.5◦ ). c) Example of how these structures would be integrated
in a bio-hybrid degradable morphing flying wing with a detailed view of the
honeycomb elements (θ = 22.5◦ ).
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ELLULOSE is one of the most abundant materials on
Earth. Its biodegradability and capability for functionalization also make it an ideal material for biodegradable ecorobots. These are robots that can operate in natural environments,
and, if they break, degrade without producing waste. This paper
studies approaches to designing self sensing structures with
design-controlled stiffness made from microfibrillated cellulose
(MFC) which can be soft robotic building blocks for eco-robots.
Here, we focus on the structural design of compliance into
biodegradable materials and the integration of self-sensing capabilities with the use of a conductive ink.
In nature, ice plants (Delosperma nakurense (Engl.) Herre)
use a flexible honeycomb micro-structure to unfold and release
its seeds [1]. An image of the ice plant capsule’s honeycomb
structure is given in Fig. 1a. In this paper we apply a similar
method to change the compliance of MFC structures. Fig. 1(b)
shows an image of the proposed honeycomb structure. The
system described is an investigation into an internal structure
for a self-sensing, biodegradable, camber-morphing wing, like
the one shown in Fig. 1(c). Typically, fixed wing vehicles use
control surfaces, moved by hinges, in order to control the vehicle.
However, the gap in the wing caused by the deflection of these
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surfaces increases drag and decreases energetic efficiency. Using
a flexible internal structure, like the one investigated here, may
allow for more efficient roll control of the vehicle, while avoiding
the use of traditional hinges, bolts or rivets. Functionalizing
it with self-sensing capabilities can provide feedback for controlling the wing’s camber. This said, the functionalization and
stiffness design of these structures can be used for a wide variety
of other soft biodegradable robots.
The MFC plates used here have an elongation at break b
of 1.05% and a Young’s modulus ranging from 2 GPa–4 GPa,
which is far too stiff for a soft and stretchable robot without
some form of structural modification. This is a problem that
researchers have encountered with several other materials when
trying to make soft robots, and two popular solutions are to use
either honeycomb or kirigami structures to reduce and design
the stiffness of the geometry for a particular application.
Kirigami is a variation of origami that involves cutting slits
into sheets of material to change their shape and/or mechanical
properties, while honeycombs are lattices of geometric cells
that can reduce the stiffness of a structure through bending
within their cell walls. Both of these structures have been used
for flexible strain sensing [2]–[7], energy harvesting [8] or
actuation [9]–[15] applications because they allow engineers to
design the stiffness based on how cuts are made in the material.
Numerical and analytical models describing the mechanical
properties of certain kirigami and honeycomb structures have
also been developed [15]–[17]. The presented references have
mostly focused on the design and manufacturing of kirigami and
origami structures made from 2-dimensional sheets of material.
With this research, we aim to work towards the manufacturing
of compliant structures made from ice-templated MFC with
a design controlled thickness to enable integration as a structural element with embedded sensing for flying robot wings.
MFC features a unique combination of light weight, mechanical
strength and compatibility for 3D manufacturing and is seen as
the ideal material for aerial soft robotics.
The primary differences between honeycomb and kirigami
structures are the trade-off between stiffness and weight. The
kirigami structure is less stiff than the honeycomb structure, as
shown in Fig. 2. Furthermore, as the angle of the honeycomb
structure increases, so does its stiffness. However, the kirigami
structure yields virtually no reduction in weight, while the
diamond-celled honeycomb does. This behavior is characterized
2t
given by [18], where ρ is the relative
by the formula ρ = lsin(2θ)
density between the honeycomb and the material it is made from.
2θ describes the angle between the cell walls.
Given that this is a preliminary investigation into a biodegradable structure for a morphing wing, the trade-offs between both
stiffness and weight were considered before the final geometry
for integrating self-sensing capabilities was selected.
Various plants are capable of sensing and responding to
environmental stimuli like moisture, light, temperature, and mechanical perturbations [19], [20]. This intelligent capability of
changing the morphology in response to a given trigger is known
as plant perception [21], [22] and can be used as a template for
designing a cellulose structure with self-sensing capabilities. In
general, diverse options for integrating sensing (resistive [23],
piezoresistive [24], capacitive [25], optical [26]) into a material
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Fig. 2. Comparison of stiffness between kirigami and a diamond-celled honeycomb structure at 200 grams loading. Left column showing the structure
unloaded, right column showing the structure loaded. a) Kirigami structure with
a total displacement of 11 mm. b) Honeycomb structure (θ = 15.0◦ ) with a total
displacement of 2 mm.

are available, nevertheless not all of them are appropriate for
designing a biodegradable, flexible and lightweight structure. In
this work we have focused on resistive measurements of strain,
since this type of sensing could be used to provide feedback for
camber morphing control and is fairly simple to implement.
Here, we investigate the use of both kirigami and diamondcelled honeycomb structures to modify the stiffness of an icetemplated MFC plate and create a flexible self-sensing structure.
Through the proposed manufacturing technique we can achieve
high design freedom of the produced geometry, while describing
a method that is scalable. We propose an extended honeycomb
structure modeling technique based on Gibson et al. and derive a
Young’s modulus E ∗ for these MFC structures [17]. We select a
particular geometry that is both flexible and light enough for our
morphing wing application and functionalize it with a conductive ink. By measuring the change in resistance of this structure
when different displacements are applied, we characterize its
strain sensing behavior.
II. MANUFACTURING
The manufacturing technique must allow for structural design
freedom in order to reach the desired elasticity and the integration of self sensing capabilities. The following section describes
this in more detail. All involved process steps are summarized
in Fig. 3.
A. Microfibrillated Cellulose
The MFC suspension was produced and characterized according to our previous work [27]–[29]. In brief, aqueous Eucalyptus
pulp suspension was ground at a concentration of 2 wt% using
an ultra-fine friction grinder “Supermass-colloider” (MKZA1020 J CE, Masuko Sangyo Co., Ltd., Kawaguchi/Saitama, Japan)
with a grinding energy input of 9 kWh/kg (referred to dry MFC
content). After the grinding process, the MFC suspension was
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Fig. 3. Manufacturing process flowchart. After the mold is assembled, it is pressed and frozen while in a vacuum-bag. Afterwards, a solvent exchange is performed
and the plate is dried. The plate is cut using a CO2 laser cutter and the conductive ink is applied.

dewatered with a sieve under pressure to reach a solid content
of about 10−12 wt%. After bleaching the pulp to remove lignin
and hemicellulose (done by the producer), the cellulose pulp was
not chemically treated (i.e., non-oxidized) before mechanical
disintegration.

B. Ice-Templated Porous Microfibrillated Cellulose Structures
Molds were designed and manufactured to press the MFC
into a rectangular shape and extract excessive water. They were
printed using a commercial 3D printer from PLA. The mold
consists of two flat components - a lower mold featuring integrated channels to allow water to flow during pressing and an
upper mold to maintain a flat surface (inner geometry 100 mm ×
100 mm). A steel casing holds the material between the two flat
surfaces and determines the final thickness of the pressed plate
(in our case 1.5 mm in the wet state). Placing a metal web on
the lower mold allows the excessive water to be easily removed
during pressing while maintaining a smooth surface. 78 g of
MFC at a weight content of 12 wt% is spread uniformly by hand
and the mold assembly is closed. Afterwards it is placed into a
manual hydraulic press (4122 CE, Carver, Inc., Wabash, USA)
and a linearly increasing pressure is applied over 15 minutes.
Once a maximum force of 10 tons is reached, this force is
maintained for 30 minutes. After 45 minutes of pressing, the
pressure is relieved instantaneously, and the mold assembly is
put into a vacuum bag. To maintain the geometry after pressing,
vacuum is applied and the bag is sealed. The vacuum-bagged
mold is placed into a freezer overnight at a temperature of
−26 ◦ C. Subsequently the frozen MFC part is extracted from
the mold and put into an isopropanol solvent exchange bath for
8 hours. After 4 hours, the isopropanol is renewed to complete
thawing and solvent exchange. The soaked MFC plate is placed
in another 3D printed mold with the exact same dimensions. The
assembly is put into a heated climate chamber for 8 more hours
at a temperature of 60 ◦ C. During this time, a vacuum is drawn
from the chamber to enable faster evaporation using a vacuum
pump. To mitigate deflections that might appear during drying,
a weight of 7.4 kg is placed on top of the mold. The finished dry
plate of 1.2 mm thickness (ca. 50 % weight-content) is extracted
from the mold and put into a climate chamber at 50 % RH and
23 ◦ C for at least 24 h.

Fig. 4. Photograph of the realized honeycomb structure (40 mm x 36 mm)
with an angle of θ = 19.3 ◦ and the attached cables.

C. Manufacturing of Self Sensing Skin
The fully dried plate is placed in a CO2 laser cutter (Nova24
60 W, Thunder Laser Tech Co., Ltd., Shatian, China) to cut
out the honeycomb geometry. During cutting, the speed of the
laser is maximized to reduce the heat introduced to the structure
while still achieving an acceptable resolution (60 % power,
35 mm
sec cutting speed). After extracting the finished geometry
it is masked using kapton tape so that one single “zig-zag” path
is left free. A biodegradable conductive ink composed of carbon
particles in a matrix of natural resin is manually coated on the
structure. Two 80 cm long 0.01 mm diameter Copper wires are
connected to the structure at both ends of the conductive path by
using the ink as an adhesive. In order to dry the ink completely,
the assembly is placed in an oven for 1 h at 60 ◦ C. An overview
of the entire manufacturing process is given in Fig. 3 and the
honeycomb geometry is shown in Fig. 4.
III. CHARACTERIZATION
A. Measurement Setup
Using two similar structures, we built a half-bridge Wheatstone setup that measures slight changes of resistance while applying strain to one of the structures. Using a 16-bit analogue-todigital-converter in combination with a μ-controller the bridge
voltage can be measured with a sampling rate of up to 9600 Hz.
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Fig. 5. SEM image of the material’s fracture surface after freezing the plate using liquid nitrogen and manually breaking it. a) Cross-sectional view of the plate’s
morphology. b) Laser cut surface of the MFC plate. c) Interface of the conductive ink with the upper surface of the MFC plate. Arrow pointing at the added layer
of ink. The right half is not coated and features a rougher surface than the left coated half.

B. Microfibrillated Cellulose Mechanical Properties
To characterize the mechanical properties of the MFC plates,
mechanical tests were performed. 4 ISO 527-2/5B samples were
cut from each plate used to determine the Young’s Modulus.
The dogbone-shaped samples have been tested using a universal
tensile testing machine (Z100 AllroundLine, ZwickRoell GmbH
& Co. KG, Ulm, Germany) in combination with a 100 kN
load-cell and manually screw grips. A mean Young’s modulus
of Es = 2.28 GPa (s = 0.11 GPa) and a mean ultimate tensile
strength of σM = 16.09 MPa (s = 2.27 MPa) were found. The
rather large deviation of the tensile strength might be caused
by structural inhomogeneities in the natural material used. This
includes potentially inhomogeneous arrangement of fibrils, inhomogeneous fiber thickness and a locally varying proportion
of non-fibrillated fibers.
The morphology of the MFC and the ink-MFC interface was
monitored by scanning electron microscopy (Nova NanoSEM
230 instrument, FEI, Hillsboro, Oregon, USA) at an accelerating
voltage of 5 keV. To gain insight into the cross-sectional area of
the ink-coated MFC, the material was broken into two parts after
freezing it using liquid nitrogen. The investigated samples were
sputtered with 7 nm platinum (BAL-TEC MED 020 Modular
High Vacuum Coating Systems, BAL-TEC AG, Liechtenstein).
The resulting morphology is shown in Fig. 5a while the ink-MFC
interface is given in Fig. 5b. The laser cut cellulose surface
is shown in Fig. 5c. Due to the compression of the aqueous
slurry in the press, the fibers are aligned orthogonal to the
applied pressure and appear to be in layers (Fig. 5a). While
ice-crystals form during the freezing step, cavities are created in
the bulk material. During the solvent exchange, these cavities are
filled with isopropanol and are thus prevented from collapsing.
After drying and removing the solvent a porous and lightweight
MFC plate is created. The average density of such structures is
g
kg
6
0.75 cm
3 and the specific stiffness is 3.04 10 P a/ m3 . Fig. 5c
shows that laser cutting melts/burns the cellulose fibrils and
creates a porous, flat surface. The ink that has been applied to the
outer plane of the plate only infiltrates the upper section of the
MFC and seals the fibrous surface. Compared to the un-coated
surface, a smoother face is created.

Fig. 6. Honeycomb loading condition and geometric constants for derivation
of (2). a) a single cell loaded with far field stress σ∞ . b) Free body diagram
of a single cell wall. c) Honeycomb geometry corresponding to (3). The black
lines represent the diamond with lines of length l, the gray represents the actual
structure with thickness t, where the darker gray sections are where the cell
walls overlap. The dashed red line is the midline of the beam of length λ.

C. Honeycomb Homogenization
In order to reduce the stiffness of these MFC plates, the mechanics of diamond-celled honeycomb and kirigami structures
were investigated. The purpose of this investigation is to determine how the stiffness of these structures varies based on their
geometry. For diamond-celled honeycombs we are using the
method described by Gibson et. al. [17] for modeling honeycomb
structures. According to this method, each of the walls in the
diamond cell can be approximated as a beam. This allows us
to homogenize the structure by calculating the stress and strain
on a single diamond cell. Ultimately, knowing this stress, and
corresponding strain, allows us to treat our sensing structure as
a sheet of material with a Young’s modulus Eh∗ .
When an entire diamond-celled honeycomb lattice is loaded
uniaxially, each cell experiences a far field stress, σ∞ . This stress
state, depicted in Fig. 6a, causes the internal forces and moments
shown in Fig. 6b. On a single cell wall, σ∞ causes an internal
force P and acts over the area lbcos(θ). This is the area that σ∞
would act on if this honeycomb were a solid block of material.
Given that the purpose of this analysis is to develop material
constants so that it can be treated it as such, σ∞ can be expressed
by (1).
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Fig. 7. Kirigami loading condition and geometric constants for derivation of
(5). a) a single cell loaded with far field stress σ∞ . b) Free body diagram of a
single cell wall.

The amount that a single cell wall contributes to the overall
length of a diamond-cell in the direction that σ∞ is applied is
lsin(θ). Once that far-field stress, σ∞ , is applied, the cell wall
deflects by an amount δ. This means that the length of the cell
changes by δcos(θ), resulting in an  given by (1). Using EulerBernoulli beam theory, one finds that δ is given by (1), where
Es is the Young’s modulus of the bulk material, and I is the area
moment of the cell wall, bt3 /12.
σ∞ =

δcos(θ)
P cos(θ)l
P
, =
, δ=
lbcos(θ)
lsin(θ)
12Es I

3

(1)

If the honeycomb is treated as a linear-elastic material with
constitutive relation σ = Eh∗ , one finds (2).
 3
t
sin(θ)
Eh∗
(2)
=
Es
l
cos3 (θ)
Similar forms of this expression have been documented for bimodulus diamond-celled structures [30] and diagonally loaded
square celled honeycombs [31]. However, this exact formulation
could not be found, so to validate this, a series of finite element
method (FEM) simulations were conducted in Abaqus/CAE
2019. Each of the cells were modeled with 20 shell elements
along its length and 10 shell elements along its depth. A concentrated force was applied at each node along the lower edges
of the honeycomb sample. The structure was constrained at the
upper end from translating along the direction of the applied load
and out of the honeycomb plate plane. Furthermore, those nodes
were constrained from rotating about all axes. The structure
was not constrained from translating within the plane of the
honeycomb plate so as to neglect edge effects. Honeycomb
theory assumes that the honeycomb has infinitely many cells
in order to be properly homogenized. Allowing the cells to
translate within this plane at the boundary provides the same
affect as the honeycomb being infinitely long in the direction
it is being loaded, but dramatically reduces computation time.
A comparison of the FEM and analytical models is shown
graphically in Fig. 8.
In these simulations, angles greater than 45 ◦ were not investigated. The model should still be valid at angles larger than
45 ◦ , but as the intention of this investigation is to reduce the
stiffness and weight of the structure as much as possible, such
larger angles are not relevant. In the case of θ > 45 ◦ , a structure
of the same weight could be rotated by 90 ◦ and have a lower
stiffness.
According to (2), as θ approaches 0 ◦ , so does the Young’s
modulus of the honeycomb, which is a physical impossibility.

Fig. 8. Plot of the ratios determined using FEM on honeycomb structures
with various angles of θ, the actual measured ratios and their 95% confidence
intervals, which are denoted as uncertainties, the initial honeycomb model shown
in (2) and the unified model shown in (6).

This is because the affect of the thickness of each cell wall on the
geometry is neglected. As such, (2) is modified to the following
formulation
Eh∗
=
Es

 3
t
sin(θ)
λ
cos3 (θ)

where,

λ=l−

t
sin(2θ)

(3)

In (3), the diamond cell with walls of length l is composed
of beams of length λ. Here the regions where four of the cell
walls overlap do not deform. This is depicted in Fig. 6c. This
definition is in better agreement with our experimental results
shown in Fig. 2.
The overlapping region is nearly negligible for large values of
θ, but as θ decreases, this region becomes larger. Ultimately, our
goal in using a diamond-celled honeycomb structure is to reduce
both the weight and stiffness, however, at small values of θ very
little material is removed and the region of overlapping cell walls
is so large that the stiffness does not decrease by very much. In
cases where minimal stiffnesses are required, and the designer
is less concerned about weight savings, a kirigami structure is
preferable.
D. Kirigami Homogenization
The same modeling techniques used for diamond-celled honeycombs can also be used for kirigami structures. Investigations
into how the stiffness of these structures changes with geometric
parameters has been shown [15], but an explicit derivation of the
Young’s modulus of a sheet of material with a large number of
kirigami slits, Ek∗ , has not been demonstrated. In this case, each
cell has a length 2 l, where each of the two cell walls in the
kirigami structure are twice the length of the cell walls in an
analogous honeycomb structure. If the same far field stress σ∞
is applied to a sheet of material with the kirigami pattern, the
resulting forces and moments acting on each beam are shown in
Fig. 7. As a result, one finds (4).
σ∞ =

δ
P l3
P
, =
, δ=
2 lb
t/2
24Es I

(4)

4022

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 6, NO. 2, APRIL 2021

TABLE I
E ∗ AND ELONGATION AT BREAK OF THE INVESTIGATED STRUCTURES

This leads to the final expression,
 4
Ek∗
1 t
=
Es
2 l

(5)

E. Final Geometry and Unified Model
In testing various geometries, values of t = 0.50 mm and
l = 5.3 mm were chosen in order to minimize the ratio of t/l
within the constraints of our 100 mm × 100 mm plates and
the tolerances of the laser cutter. Once this was decided, it
was soon discovered that honeycomb structures with θ < 15.0◦
could not be accurately manufactured by the laser cutter. Furthermore, structures with these small angles have minimal stiffness
reduction and are heavier than honeycombs at even slightly
larger angles. As such, using a kirigami structure instead of a
honeycomb with θ < 15.0 ◦ is far more reasonable. This results
in the model shown in (6).
  3
sin(θ)
t
, if 15◦ ≤ θ ≤ 45◦
E∗
3
= 1 λ t 4cos (θ)
(6)
Es
, otherwise
2 l
IV. RESULTS AND DISCUSSION
A. Mechanical Analysis
To validate the accuracy of the developed unified model for the
tensile stiffness of these structures, tensile tests were performed
to determine the Young’s modulus E ∗ and b . By doing so,
honeycomb structures with different angles θ were cut out from
MFC plates and tested using a tensile testing machine (Z010
RetroLine, ZwickRoell GmbH & Co. KG, Ulm, Germany) and
E∗
ratios for the
a 20 N load-cell. Fig. 8 shows the measured E
s
◦
◦
◦
◦
◦
angles 15.0 , 22.5 , 30.0 , 37.5 , 45.0 , and the kirigami
geometry (shown as 0 ◦ ) compared to the stiffness predicted by
FEM, the honeycomb model and the unified model. Table I gives
b and E ∗ of the different structures.
The specimens were clamped using pneumatic grips and
mm
, five times. The value of E ∗ was
pulled at a rate of 1 min
calculated by taking the slope of the stress and strain curve for
each test. In order to calculate Es , three tensile specimens were
cut from different locations on the same plate. Those specimens
were tested according to ISO 527-2/5B and the average Es was
calculated. These values were similar to the values discussed in
section III-B. The error bars indicated in Fig. 8 give the 95%
confidence intervals for each of the measurements. These confidence intervals account for the different values of Es measured
at different locations on the plate and the different values of E ∗
measured with the same specimen. To identify b the specimens

mm
. In this test,
were tested according to ISO 527-1 at a rate of 1 min
we observed a general trend of increasing b with decreasing
angle, with the exception of the specimens with θ = 15◦ and
θ = 22.5◦ . We believe that this could either be the result of
manufacturing inconsistencies by the laser cutter, or differences
in stress concentration at the points where the cell walls meet
caused by the varying geometry. A further investigation into this
phenomenon is intended for future work.
From this experiment, we noted that the Young’s modulus of
the MFC plate was reduced by a factor ranging from 19 000
for the kirigami structure to 360 for the honeycomb structure
with θ = 45◦ . The root mean square error (RMSE) between the
unified model and the measured data is 2.4x10−4 . As the unified
model is simply the honeycomb model at angles 15.0◦ < θ <
45◦ and the kirigami model for θ < 15.0◦ , it also makes sense
to report the RMSE for each of these models. The RMSE for
the honeycomb model (2) is 2.6x10−4 while the RMSE for the
kirigami model (5) is 4.8x10−6 . The calculation of the RMSE
values does not account for measurement uncertainty.

B. Self-Sensing Characteristics
To investigate the self-sensing capabilities of the proposed
structure, several mechanical tests were performed on a single
specimen while measuring the Wheatstone bridge voltage. For
those tests, the same setup as for the mechanical tests of the
different angled honeycomb structures was used. A honeycomb
structure with an angle of θ = 19.3 ◦ was investigated. This
angle was chosen to comply with the competing requirement
for a wing structure of having a suitable strength, while still
being low in weight and enabling enough compliance to actuate
the wing. To investigate the repeatability and response time
of the sensing structure, a displacement of 1 mm at a rate of
mm
was applied to the structure. It was then returned to
1 min
0.05 mm displacement and held at this value for 30 seconds.
10 cycles of this loading and unloading were performed. Fig. 9a
shows the measured bridge voltage during each of the 10 cycles,
indicating that the sensor is slightly losing the capability to
output the previously reached maximum bridge voltage. Taking
into account that, over time, non-linear plastic effects in the MFC
material and the ink might occur, the cycle’s maximum voltage
varies from the initial maximum of 19.67 mV by 0.71 % during
the 2nd and 3rd cycle. A maximum deviation of 24.71 % was
measured for the 9th cycle. This loss of maximum conductivity
can be caused by cracks in the ink that do not close completely
during unloading and therefore result in an unstable electrical
path with higher resistivity. Fig. 9b provides an overview of the
full measurement giving the applied displacement as well as the
measured bridge voltage. It can be seen that the sensing structure
outputs a linear signal which follows the applied displacement
mm
.
well at a response time that is lower than 1 min
The sensitivity as well as the drift of the structure were
investigated by applying and removing a step-wise displacement. In doing so, the sensor was displaced from 0 mm to
mm
. After reaching the
2 mm in 0.5 mm steps at a speed of 1 min
expected displacements of 0 mm, 0.5 mm, 1 mm, 1.5 mm and
2 mm the values were held for 10 minutes. The bridge voltage
together with the applied displacement during loading are given
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Fig. 11. The bridge voltage of the coated θ = 19.3 ◦ honeycomb structure
visualized in a boxplot during the 10 minutes of holding the strain constant. a)
Boxplot of bridge voltage during step-wise loading. b) Boxplot of bridge voltage
during step-wise deloading.

Fig. 9. The bridge voltage measured during cyclic loading and unloading of
the coated θ = 19.3 ◦ honeycomb structure. a) Bridge voltage response during
ten cycles. b) Bridge voltage response and applied displacement.

Fig. 10. The bridge voltage measured of the coated θ = 19.3 ◦ honeycomb
structure while incrementally applying 0.5 mm of displacement and holding the
individual strain for 10 minutes. a) Bridge voltage response during step wise
increase of applied displacement. b) Bridge voltage response during step wise
decrease of applied displacement.

in Fig. 10a while the bridge voltage and displacement during
unloading are shown in Fig. 10b.
To visualize the sensor’s performance a boxplot for each
applied strain during loading (Fig. 11a) and unloading (Fig. 11b)
is given. Applying a step-wise load to the structure resulted in
a similar step-wise change in the measured bridge voltage. At
smaller displacements (0 mm, 0.5 mm and 1 mm) the drift during
the 10 minutes of holding is minimal, while it becomes moderate
at 1.5 mm and 2 mm. It is assumed, that during high strains
non-linear and time-dependent effects in the substrate and ink
lead to a deviating bridge voltage. Over the period of the constant

strain, cracks in the ink can form at a varying rates, which
leads to a non-constant bridge voltage. Therefore, during the
step-wise unloading, the drift becomes more pronounced. This
behavior might be caused by the high internal stresses at large
displacements, which lead to a non-linear material response and
local cracking of the ink. Such cracks would make the electrical
path unstable. While reducing the displacement, the paths might
not fully close again, and the resistance would neither follow a
linear relationship nor stay at a constant level during constant
strain. However, the strains in the manufactured sensor are within
bounds, leading to good repeatability for short term applications.
While the effects of temperature and humidity variation on the
transducer have been canceled out using a half-bridge Wheatstone setup, changes in humidity might effect the structure’s
stiffness. While the ink was designed to be stable over a wide
humidity range, the hydrophilic MFC substrate tends to swell
in humid environments. It can be assumed that this affects the
ink-substrate interaction and leads to an increased resistance.
This effect is likely to be a dominant factor which needs to be
accounted for in future work.
Applying a linear fit to the data presented in Fig. 11 the sensimV
during loading (r2 = 98.28%)
tivity was found to be 31.45 mm
mV
and 22.68 mm during unloading (r2 = 96.91%). Note that the
true resolution is limited by the electronics used and corresponds
to 0.125 mV or 0.05 mm. By conducting those tests we have been
able to determine the resolution to be at least 0.5 mm of displacement, while measuring only moderate “noise”. However, more
detailed investigations are needed to study these phenomena.
C. Future Work
We have observed that at high displacements the increased
internal stress results in a non-uniform resistance response. We
are assuming that cracking of the ink and the ink-MFC interface generates an unstable electrical path. Future work includes
imaging of the conductive layer after applying cyclic loading
and will focus on optimizing the ink’s composition (e.g. adding
plasticizer). Updating the printing technique (e.g. pad-printing)
and using filtering tools on the measured signal would increase
the sensing capabilities. Additional analyses need to be conducted to investigate the effect of the introduced heat flux by
the laser cutter on the mechanical properties. Overall, the goal
will be to advance this structure in terms of its mechanical and
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sensing properties so that the aimed integration into a biodegradable morphing wing structure can be realized. To increase the
service life beyond rather short one-way missions, the water
barrier of the substrate needs to be enhanced, e.g. by applying a
hydrophobic coating.
Moreover, we have presented a model for calculating the
Young’s modulus E ∗ when these structures are loaded in a single
direction. Further investigation into these modeling techniques
will involve derivation of the Young’s moduli, shear moduli, and
poisson’s ratios in all directions such that a three-dimensional
compliance matrix can be developed. This compliance matrix
can be used in FEM models for aerial-robot components with
complex geometries and multiple degrees of freedom. Furthermore, a more detailed investigation of the mechanics involved
in b of these structures could provide further insights into how
such values are affected by the structure’s geometry and material
properties.
V. CONCLUSION
In this work we have presented a multi-step manufacturing
method for producing lightweight and biodegradable structures
made from MFC, that can be functionalized, while offering the
ability to be upscaled. By applying a bio-inspired design approach and using honeycomb theory design techniques, we have
been able to manufacture compliant bio-hybrid structures. We
reduced the stiffness of the proposed structure by a factor of up to
19 000 and increased b by a factor of up to 113 compared to the
bulk material made from cellulose fibrils - a material with a similar stiffness as Kevlar. By developing a mathematical model of
diamond-honeycomb structures we provide a tool that is capable
of predicting the mechanical behavior with less computationally
effort for the proposed geometries. Coating the structure with a
bio-based conductive ink, we integrated self-sensing capabilities
that can give us feedback on the applied strain. Such bio-hybrid
and self-sensing mechanisms with designed stiffness can be
soft robotic building blocks for future sustainable eco-robots,
which can operate and degrade in the environment and reduce
e-waste. These results validate that cellulose based materials can
be used for compliant soft robotic structures with self-sensing
functionalization.
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