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Origami patterns have previously been investigated for novel mechanical properties and applications to soft
and deployable robotics. This work models and characterizes the mechanical and electrical properties of origami-
patterned capacitive strain sensors. Miura-patterned capacitors with different fold angles are fabricated with a
silicone body and foil electrodes. The planar strain sensitivity ratio is tunable from 0.3 to 0.5 with fold an-
gles, while all-soft patterns demonstrate low mechanical tunability through fold angle. We conclude by offering
recommendations for designing and modeling future origami-patterned soft material sensors.
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1 Introduction

Origami has garnered interest within the multifunctional materials and robotics research communities for its novel mechanical
properties, including auxetic behavior (i.e., negative Poisson’s ratios) [1], programmable stiffness [2, 3], and the ability to
locomote [4! 5], or shape-change [6} [7, 18] by folding and unfolding in response to control signals or contact with objects.
These properties bring variable stiffness and deployable capabilities to soft robotics and actuators fabricated in soft materials
such as paper, fabric, and rubber [9, |10} [11].

As soft or flexible systems such as soft robots are applied in progressively less structured environments, mechanical sensors
within such systems, which provide information about actuator positions and contact with the environment or objects, must
meet the demands of sensitivity, selectivity, and range imposed by the intended application. Sensors used to measure the
deformation of actuators may need to have large strain sensitivity but low pressure sensitivity, while sensors used to determine
environmental contact may need the opposite properties.

Recent work has successfully used the morphology of a sensor to tune its sensitivity or selectivity through auxetic [[12} |13]]
or variable stiffness [[14] frames, voids, channels, and kirigami (i.e., cut patterns) [[15} [16, [17]], and pyramids [18, [19]. By
modifying the response of the electrical material to mechanical deformation, these structures change the sensitivity [13] or
yield strain [20] of the sensor. Such designs modify the sensor response without changing the underlying materials. In
origami-patterned systems, a similar approach could apply a sensing modality to an origami structure to create an actuator
with a sense of self, such as in previously demonstrated sensorized robotic origami and origami actuators [9} [10} [11]]. If the
sensing properties of such origami patterns were well understood, origami actuators could be self-sensing simply by adding

sensing functionality to the actuator.



Predicting or programming an origami-patterned sensor’s response requires a strong understanding of the pattern fold
kinematics and the deformation of the sensitive materials. The mechanical properties of origami patterns [1} 21, 22} 23] and
their applications to actuators [24} 25| [2| 26} 27|] and grippers [28] have been modeled and investigated primarily in flexible
yet inextensible materials: paper, cardboard, metal foils, and flexible, 3D printed thermoplastics [29, [30], where the folding
and unfolding of pattern faces is of primary interest. The compliance of pattern faces (rather than folds) also contributes to
the pattern deformation ([21]] by behaving as an additional hidden fold.

Origami fabricated from stretchable materials (e.g., rubber) [2, 16, 31]] adds an additional layer of complexity to analysis
and design. As a load is imposed on the structure, the pattern may bend or stretch at pattern faces and folds. Some previous
work has investigated these responses in soft materials. Kim et al. [31]] fabricated and analyzed inflatable origami structures,
such as a bio-inspired origami eel. This structure, fabricated from layered sheets of silicone elastomer, mechanically deforms
in two modes: the first is an unfolding motion at the hinges of the sheet, followed by elastomer stretching. The majority of
the extension takes place in the origami unfolding. Paez et al. [32] fabricated an elastomeric pneumatic actuator with paper
origami shell and demonstrated the ability to tune the bending response of the actuator and its actuation pressure by changing
the paper weight and fold angles.

In this work, we design and characterize an origami-patterned elastomeric capacitor. Our objectives are to i) investigate
the validity of existing models in predicting the behavior of origami patterns fabricated in soft elastic materials (e.g., silicone
rubber), and ii) determine the suitability of origami patterns for modifying soft-material sensor properties. We simulate the
expected mechanical and electrical properties of an origami-patterned capacitor using analytical models of the kinematics and
displacement of electrodes. Using these models, we select, fabricate, and characterize designs with the same pattern and three
fold angle combinations. We conclude with design recommendations for future origami-patterned sensors and sensorized

actuators. To the authors’ knowledge, this work is the first to investigate the Miura pattern’s utility to sensing in soft materials.

2 Design of a Miura capacitive sensor

2.1 The Miura pattern

A frequently investigated origami pattern is the Miura fold [33]] (Fig. [Th), which is a series of repeated, chevron-like structures.
Each cell within the Miura fold (Fig. [Ip) can be described as a set of four coincident parallelograms offset by pattern angles
« and 6, where « is constrained from 0° to 90° and 6 from 0° to 180°. Selecting these pattern angles changes the Poisson’s
ratios and stiffnesses [1, 121} 23] and controls the deformation of the pattern.

While the faces of each cell in the Miura pattern may have unequal sides, this work focuses on equal parallelogram pattern
faces with length L (i.e., thombus faces) to reduce the design space. Analytical models [1}21] have been developed to describe
the pattern’s kinematics in inextensible materials, and a brief overview is given here. Each dimension of a Miura cell can be

described by L, 6, and «. Using the nomenclature from Wei et al. [21], the width and length of each cell (Fig. [1p) are
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The influence of « and 6 on cell morphology is shown in Fig. [lk. Angle « determines the acuteness of each rhombus face;
increasing « while holding € constant increases the cell width and height while decreasing the length. Increasing 6 while
holding a constant increases both the width and length of each cell while decreasing the height. As 6 approaches 180°, the
pattern approaches a flat sheet. Once fabricated, the pattern’s o and L are fixed, while 6, [, and w vary as the cell is deformed.

Fabricating the Miura pattern places additional practical constraints on the pattern’s two fold angles 6 and 3. In processes
that deposit a conformal material over a template (e.g., casting, thin film processes), an acute angle between cell faces would
pose challenges for sufficient sidewall coverage and de-molding the pattern from the template. We assume that 6 and 8 > 60°
will be sufficiently obtuse for pattern fabrication (such as in a de-molding process). The potential design space is shown in
Fig. |1{d as a map of each «, 6 pair and the resultant 3. While fabrication does not impose practical limits on the upper bound
of the 6 or 3 range, the pattern becomes more planar as either angle approaches 180° and limits the advantages of the origami
pattern over a planar sensor. The maximum strain possible through unfolding is shown in Fig. [Tk.

In an inextensible material that may only fold or unfold at the pattern angles, increasing either [ or w also increases the other
dimension, 6, and 3, while the pattern height decreases. By integrating resistive or capacitive modalities into the pattern, the
relative position of each face (and therefore the pattern extension) could be detected. Selection of the initial o and 6 angles

tunes the sensor response to length or width extension by changing the initial pattern face orientation.

2.2 The Miura capacitor

A capacitance sensing mode in a Miura-patterned capacitor is investigated by applying electrodes onto the pattern faces.
Capacitance sensing is selected over other modalities due to the ease of measurement and ability to modify sensitivity through
pattern angles. To fabricate the capacitor, electrodes are placed on opposing face of the pattern with a fractional offset &
from the top and bottom of each cell. The gap between electrodes varies as the pattern is strained and the cells deform. By
calculating the change in electrode-to-electrode distance for a change in [ or w (i.e., strain in x or y), the change in capacitance
may be estimated. Fig. 2a labels the variables of the capacitor.

Here, we build upon existing models of the Miura pattern kinematics [} 21] to estimate the change in capacitance with
strain applied to x or y. We begin by modeling the effects of z-axis strain. An undeformed cell has length [y and width wy
(Fig. 2b). For a cell that deforms purely by unfolding at each pattern crease, strain applied to the z-axis &, will result in a new
triangle base length [,,¢,, (Fig. Q};) such that

lnew = ZO(l + E{L’) (3)



where [j is the unstrained length of a cell. In pure unfolding, the lenght of the triangle base (I,,¢.,) and the strained cell
length (I;) are the same. If the sensor is made from an extensible material (e.g., silicone elastomer), however, it is likely to
deform by both stretching and unfolding. The fraction of extension due to stretching may be encapsulated by a variable &,

such that

lnew = lO(l + 67«(1 - Hr)) = lO + (lf - ZO)(1 - Hm) (4)

and
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where d is the electrode-to-electrode spacing at the top of the cell. Using the values for l,,¢,, and d with strain, the capacitance
change with deformation may be estimated. The gap between the electrodes at some position ( from the top of the electrode

face is
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and the capacitance C' of each cell (without the fringing field) is
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where J is some fractional offset of each electrode from the edge of the cell. The capacitance of NV cells is then
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The effect of strain in the y-axis, €, follows similar principles but is modified by the fabrication process. The foil electrodes,
which do not allow the elastomer to stretch, connect one cell to its neighbor in the y direction. Therefore, there is no stretch

in y, effectively collapsing to x, = 0 for all cases. The strained pattern width becomes

Wnew = wO(l + 5y) (9)

The strained base length /; may be calculated from eq. Q]and the value of w,, ¢, With values for [,,.,, and d calculated from
eqs. [ and

In designing tunable sensors, several factors become critical for performance. One metric is the relative capacitance change
ACy/AC,. Fig. is a series of heatmaps that display the relative change in capacitance after a 5% strain applied in z
or y. Values for x, of 0.05, 0.5, and 0.95, corresponding to predominantly unfolding, equal unfolding and stretching, and
predominantly stretching, are displayed. All three heatmaps use a value x, = 0 due to the inextensible electrode constraint.

The predicted capacitance change is dependent on initial fold angles and ranges from 20 times higher in the = axis to 5

times higher in the y axis. The largest range results for predominantly unfolding (x, =~ 0). For all , conditions, the highest



relative response (i.e., highest y-axis sensitivity) occurs in the region where 6 and « are large.

A second sensor metric is the available sensing range, which is limited by the maximum extension that the pattern can
undergo before becoming a planar sheet. The range is largest when 6 is small. In the x axis, if 6 is held constant, a larger «
increases the sensing range.

The pattern angles and relative capacitance change at 5% strain are shown in Table [T} Given the range and relative sen-
sitivities predicted by the model, three sets of angles were chosen: A, B, and C. These patterns were chosen for their range
of strain sensitive ratios, maximum strain ranges, and to explore the tuning space enabled by « and 8. The model estimates
that design A will have the largest relative sensitivity in y and the smallest range, while design C will have the largest relative

sensitivity in z and the largest range.

2.3 Pattern and sensor fabrication

Elastomers and other soft materials have been patterned into origami structures through self-folding approaches [} 134} 35]],
laser machining [36l], casting and direct templating [6} 28] 37} 138]], and 3D printing [29, [30l 39]. Here, we mold silicone
elastomer precursors into custom molds to form the pattern and later apply foil electrodes once the material has cured to form
the capacitive sensor. The process flow is shown in Fig. [3]

The mold designs are drawn using a custom CAD script (Fusion 360, Autodesk) that generates the pattern based on the
face length and angles « and 5. From the CAD drawing, a mold set with one tray and two lids are generated . One lid
(1-mm) is sized to mold a pattern with thickness of 1 mm, and the other lid (2-mm) is sized to mold a pattern with the same «
and 60, values but thickness of 2 mm. Each mold is 3D-printed through fused deposition modeling (UPrint SE, Stratasys) in
acrylonitrile butadiene styrene (ABS) plastic.

Before casting, the template tray and lids are sprayed with a release agent (Ease Release 200, Reynolds Advanced Materials)
and left for 10 min. To fabricate the elastomer-only patterns, liquid silicone precursors (Ecoflex 00-30, Smooth-On), manually
mixed equally by weight, were poured into the template tray and left for 10 min to degas. The 2 mm lid is pressed onto the
bottom tray using large binder clips and the elastomer is cured at room temperature inside the mold for 4 h before removing
the lid.

To form patterns with electrodes, the silicone is patterned and cured using the steps described for the elastomer-only patterns,
using the 1-mm lid rather than the 2-mm lid. Al foil tape with a thickness of 0.05 mm (K Flex) is cut into electrodes using a
computer-controlled cutting machine (Maker, Cricut) using a revision of the custom Miura CAD script. The tape backing is
removed, and the adhesive side of the tape is applied to the 1-mm lid to form the origami pattern. After the foil tape is adhered
to the lid and manually shaped to the origami pattern, the adhesive is dissolved by spraying isopropanol over the electrode-lid
assembly and allowing the isopropanol to evaporate for 30 min. A thin layer of liquid elastomer precursors is brushed over the
cured silicone inside the tray mold. This new silicone layer is partially cured for 20 min to form a tacky adhesive layer, and
the electrodes are applied to the pattern by inverting the lid and applying gentle pressure. After an additional 12 h cure, the

1-mm lid is demolded, additional liquid elastomer mixed equally by weight is poured into the tray, and the 2-mm lid is fixed



to the top of the tray with binder clips. This final step encases the electrodes in elastomer and forms the sensor. A completed

device of each pattern is shown in Fig. 4

3 Results

3.1 Mechanical response

To characterize the strain response, one end of each pattern is displaced in z or y (Fig. [Bh), with the mean of each data set in
the bolded line and one standard deviation shown using the shaded region. Four samples of each pattern, with (foil-elastomer,
F) and without electrodes (elastomer-only, E), are strained to 20% along the x or y axis at a rate of 1 mm/s using a mechanical
characterization tester (5542, Instron). Samples are loaded into the tester using pneumatic grips on the cross-heads and custom
clips to hold the flat silicone edge of each sample.

In the elastomer-only patterns, patterns A, B, and C have similar stiffnesses in the x axis. In the y axis, the A pattern is
stiffest and pattern C is the most compliant. Each pattern is approximately 1.5 times stiffer in the y axis over the x axis.
Embedding foil electrodes within the pattern approximately doubles the stiffness. The same order of pattern compliance from
C (most compliant) to A (stiffest) is preserved when the foil is embedded. The device-to-device variation in stiffness also
increases from the elastomer-only to foil-elastomer samples.

The loading and unloading response in z (Fig. Ob) agrees with the responses observed in Figure [Ph: pattern A is stiffest
and pattern C is most compliant. Samples are strained to 24 mm at a rate of 1 mms~!, held at that displacement for 30 s,
and returned to the zero-displacement condition. The increase in stiffness in the foil-elastomer samples is also observed. The
foil-elastomer samples also have a higher degree of hysteresis (14-19%) between loading and unloading as compared to the
elastomer only samples (<5%).

The deformation of each foil-elastomer pattern is presented in a series of photographs (Fig. [6). In both z and y, the
increasing length and width and unfolding of the pattern can be observed at maximum strain. An increase in electrode gaps,

indicating elastomer stretch rather than unfolding, is also observable in patterns A and B at maximum strain.

3.2 Capacitance response

During the foil-elastomer strain response tests, capacitance is measured using a capacitance to digital board (AD7745, Analog
Devices). The initial average capacitance of A, B, and C are 17.9 pF, 17.5 pF, and 17.9 pF, respectively, with standard
deviations of 1.2 pF, 0.6 pF, and 1.0 pF, respectively. While pattern C has the smallest electrode gaps due to low 6, the pattern
faces are smaller because « is smaller, so the nominal capacitances of all patterns are within 500 fF of one another.

As each pattern is strained, the electrodes move further away from one another, and the capacitance decreases (Fig. [7). The
mean of each data set is shown with the bold line, and one standard deviation is shown with the shaded region. In the z axis,

the largest sensitivity occurs for pattern A, and the smallest sensitivity for pattern C. The x axis behavior is in contrast with



the y axis response, where all three patterns have similar sensitivities. Pattern A has a very large variation in sensitivity, likely
due to variations in the electrode alignment and therefore initial capacitance.

The relative sensitivity has an inverse relationship from the prediction of the Miura models presented earlier. Pattern A has
the lowest ratio of y/x sensitivity, approximately 0.24 at 20% strain, while C has the highest (~ 0.75 at 20% strain), and pattern
B has a sensitivity ratio of 0.34. At 5% strain, the sensitivity ratios were 0.32, 0.35, and 0.49 for A, B, and C, respectively.
In contrast, the model predicted sensitivity ratios of 2.3, 0.71, and 0.34 for A, B, and C, respectively, for a x, value of 0.5.
Potential explanations for this opposing trend in C,, /C,, sensitivity ratios are presented in the discussion section.

The behavior of pattern A under cyclic deformation is shown in Fig. The pattern is strained to 20% over 600 cycles
in a series of slow (0.25 mms™" or 0.33%s~!), moderate (0.75 mms~—! or 1%s~"), and fast (2.25 mms~! or 3%s ") rates.
The inset figures show an elastomer-only sample and a foil-elastomer sample during cycles 94-96 and 597-599. Both samples
mechanically and electrically withstand the 600 cycles. The response of the elastomer-only sample is stable across the test,
with no changes in stiffness or evidence of slipping from the tester grip.

The foil-elastomer sample partially slips from the tester grip on the first cycle, resulting in a negative (compressive) force
at zero displacement after the first cycle. The compliance remains constant across the three speeds in one series of slow-
moderate-fast tests and increases by less than 5% from the first to the 600th cycle. The capacitance of the foil-elastomer
sample decreases during the test and reaches a minimum capacitance decrease of 19% at 20% strain. Once the cyclic test is

complete, the capacitance increases but does not recover to its initial value.

4 Discussion

The foil-elastomer devices do show modified properties with initial fold angle, in both the mechanical and capacitive re-
sponses. Because the elastomer-only devices may easily deform at both the faces and folds, the pattern angle does not
appreciably change its strain response. Adding an inextensible layer (the foil electrodes) eliminates stretching at the faces.
Due to the fabrication process, the folds may stretch in x because there is no foil electrode present between opposing faces. In
y, foil is present at the fold between cells in order to electrically connect them. To realize greater stiffness tuning, inextensible
materials or other approaches that enforce unfolding over stretching should be integrated into all pattern angles.

Although the inextensible foil creates tunability, it presents challenges in realizing high stability and precision. During
loading and unloading, the foil-elastomer samples experience more than three times the hysteresis of their elastomer-only
counterparts. Because silicone does not form a strong bond with aluminum as it cures, the hysteresis may reflect that the
elastomer is moving relative to the foil as it is strained. Improving the adhesion between elastomer and electrode, either
through a stiffness gradient, through material selection, or using an adhesion promoter such as Silpoxy may reduce the amount
of hysteresis by causing the pattern to deform as a unified body.

The strain sensitivity is also tunable with the pattern angles: the most planar device with the largest angles (A) has the lowest

ratio of y-to-z sensitivity, while the most three-dimensional pattern with the smallest angles (C) has the highest ratio of y-to-x



sensitivity. Although the target performance for a soft sensor will vary based on the application, the high anisotropy observed
in pattern C would make a good candidate for rejecting off-axis strain. Furthermore, the overall tuning ability between patterns
supports further investigation for origami-patterned sensors that may be reconfigured to change their properties (e.g., using
shape-changing materials).

The analytical model does not accurately predict the trend or relative sensitivity ratios, likely due to two factors. The
model accounts for material stretching at the joint through a constant value of «,. However, this value of k, is not likely
to be constant across all «, 6 sets, as the fold stiffnesses change with selection of pattern angles [21]]. Future models of cell
deformation must account for fold stiffnesses to determine an appropriate ~,, value.

The model also ignores the effects of the fringing field, which will change with the initial pattern angle and as the electrodes
move. More tightly folded structures (e.g., pattern C) more closely approximate a parallel plate, while the model would not
accurately capture the fringing field in more planar patterns. Finite element modeling will likely be required to capture the

hyper-elastic material deformation and fringing field aspects of the origami-patterned sensors.

5 Conclusion

We presented an origami-patterned, capacitive strain sensor with tunable electrical and mechanical properties based on the
fabricated fold angles, with y-to-x strain sensitivity ratios from 0.5 to 0.2 based on fabricated pattern angle. The mechanical
responses of samples with and without inextensible foil layers suggest that angles within origami-patterned structures must
fold and unfold, rather than stretch, in order to preserve the mechanical properties for which origami is prized.

Preserving folding and unfolding behaviors in stretchable materials poses both design and materials challenges to be in-
vestigated in future work. Multi-physics finite element simulation tools may aid in determining appropriate materials, fold
designs, and pattern geometries for more precise tuning. Integrating sensing modalities into origami-patterned actuators and
designing origami sensors with stiffness-tuned joints will enable such devices to have tunable, reconfigurable, actuation, and
sensing within one system. Origami-patterned soft sensors show promise for future soft sensors with programmed properties,

as well for sensing the position of origami-patterned actuators and soft robots for closed-loop control.
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Table 1: Pattern angles and capacitance ratio with x value

Design | « 6 ACIAC,
ky =005 £k, =05 k; =095
A 65° | 135° 2.6 23 2.1
B 55° | 110° 0.90 0.91 0.92
C 45° | 85° 0.32 0.34 0.37
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Figure 1: (a) A piece of origami paper folded into the Miura pattern. (b) A drawing of the Miura pattern, with eight cells in
width and eight cells in length. The callout is one Miura cell with the pattern variables shown. (c) Drawings of
Miura cells with varying « and 6. L is held constant. (d) A plot of angle 5 for o and . Fabricated patterns must
have 8 > 60° to reliably fabricate. The shaded region shows « and 6 which result in a § angle that is too acute

to practically fabricate, and the unshaded region contains «,0 pairs that may be fabricated. (e) A heatmap of the
maximum strain possible before reaching a planar sheet for each «,0 pair.
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Figure 2: (a) Isometric and cross-sectional drawings of one Miura cell with electrodes shown in red and blue. Capacitor
variables and the 1-1’ cross-section are shown. (b) The 1-1° cross-section of the Miura pattern. (c) Drawings of the
cell deformation along the 1-1’ cross-section as the cell unfolds (left, x = 0), unfolds and stretches (center, x = 0.5),
and stretches (right, £ = 1). (d) Predictions of the relative change in capacitance AC,,/AC,, for a strain of 5%, with
letters A, B, and C on the heatmaps denoting the selected initial «,f combinations for the fabricated patterns. The

ratio between stretching and unfolding is indicated by x, where x=0 is pure unfolding.
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Figure 3: Photographs of the Miura-patterned capacitor fabrication process. (a) The two lids and bottom 3D printed molds
before elastomer introduction of pattern B. (b) After the first silicone molding step, with a design B pattern, creating
a 1 mm thick pattern. (c) The foil electrodes adhered to the thinner upper mold. (d) The foil electrodes adhered to
the molded silicone. (e) A completed design B capacitor.
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Figure 4: Photographs of each Miura-patterned capacitor design with a 3x3 cell view of the A, B, and C patterns after fabri-
cation. The scale is constant across these photographs.
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Figure 5: The mechanical response of each pattern. The bolded lines show the mean of each data set, and the shaded areas
show one standard deviation from the mean. (a) Measured z (top) and y (bottom) strain response for elastomer (AE,

BE, CE, left) and foil-elastomer (AF, BF, CF, right) devices. (b) A representative x axis loading and unloading cycle
for each pattern. The elastomer-only samples show little hysteresis when compared to the foil-elastomer samples.
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Figure 6: Photographs of each foil-elastomer pattern at no displacement (0 mm), halfway through the test (13 mm), and at
the end of the test (26 mm). The C pattern was displaced to a maximum of 12 mm in y due to its narrower width.
The auxetic behavior of the pattern (expansion in both x and y axes) is visible, along with an increase in elastomer
spacing between the foil electrodes that suggests both unfolding and stretching behavior.
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Figure 7: The bolded lines show the mean of each data set, and the shaded areas show one standard deviation from the mean.
The capacitance of each pattern during strain tests in (a) x and (b) y, reported as a change in capacitance from the
zero-displacement value and normalized to the zero-displacement value.
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Figure 8: The behavior of elastomer-only and foil-elastomer samples of pattern A over 600 cycles at sequential strain rates of
0.33, 1, and 3%s~!. The mechanical response of an elastomer only device is shown on the left, while the mechanical
and capacitance response are shown on the right for an foil-elastomer device. Inset plots show one set of increasing
strain rate cycles for each sample at cycle 100 and the last three cycles. The foil-elastomer sample is less stable with

cyclic loading than the elastomer-only sample.
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