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Supplementary Text
1. Crease pattern parameters in the design of the Bistable V-fold unit

Choice of 6. We consider the V-fold cylindrical origami that was made up of iterative
layers each consisting of mirroring V-folds that globally fold to form a cylindrical span.
According to [1], the V-folds are characterized by their distinctive ‘V’ shape, in which
three mountain folds and one valley fold (or one mountain fold and three valley folds)
meet at a node. The individual V-folds achieve targeted folding angles by kinematically
coupling with other folding angles [2]. Depending on the angle between the strokes of
each V (V-fold angle, 8,/), we can open or close the span [1]. Fig. S1 (a) shows the
generic crease pattern of a four-sided V-fold cylindrical bellows with a 6, of 90° (also
commonly known as the accordion bellow), and the folded counterpart generated
using an online origami simulator [3]. Similar to the Kresling, V-fold cylinders are flat-
foldable but not rigid-foldable. This can be attributed to Conelly’s bellows theorem [4],
[5]. Unlike the Kresling however, the cylindrical V-fold pattern is able to generate purely
translational motion.

The folding angle of the crease pattern can greatly influence the geometry of
the folded origami cylinder. A larger folding angle (6, = 90°) created a smaller closing
angle (¢, < 90°) to allow for a greater span, resulting in a more rounded and cylindrical
tubular structure with polygonal faces. In contrast, a smaller folding angle (6, < 90°))
created a larger closing angle (¢ = 90°), resulting in a more angled and compact box-
like structure. Fig. S1 (b) shows the crease patterns of the V-fold origami for 8,, = 60°,
90° and 120°, along with the simulated folded counterparts. Due to space constraints
in confined regions, we preferred larger closing angles in the design of the origami
crawler due to its compactness. However, at larger 6,,, the folding of the origami
pattern risked collision within each layer. To avoid this, we modified the crease pattern
by halving the crease pattern and included straight folds that could be folded in and
glued together to create an enclosed structure (Fig. S1 (c)).

Choice of 8. As the V-fold pattern was non-rigid foldable like the Kresling, V-fold
cylinders were rarely fully extended to avoid over-straining the vertices which could
cause the creases to invert, resulting in undesirable buckling and deformation [6]. As
such, V-fold cylinders were often designed to be unimodally stable and inherently
compliant. Silverberg et al [7] noted that for real physical materials that could bend,
there existed a hierarchy of degree of freedom (DoF) that each have their own
associated energy scale. Elaborating on this, they demonstrated how non-rigid
foldable origami exhibits hidden bending DoFs that were separated from the crease
DoF by an energy gap, giving rise to a critical bifurcation between mono-stability and
bistability that was geometrically driven.

Upon unfolding a module of the modified V-fold origami pattern, we observed
that beyond a certain unfolding angle, the facets began to bend during the unfolding
process, eventually causing the valley crease to invert and access a different
configuration (Fig. S2 (a)). In addition, the structure was able to hold this configuration
even in the absence of external force, indicating that the origami module had
reconfigured into a different stable state. Silverberg et al [96] referred to this
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phenomenon as an energy-scale dependent DoF that resulted from the geometry of
creased sheets in constraint-based compliant materials.

Similar to Melancon et al [8], we further modified the crease pattern of the V-
fold origami by placing mountain creases of an angle (6,) where the observed outward
bending of the facets occurred to invert the valley crease, creating a degree-four vertex
(Fig. 1 (a)). Under sufficient external forces, the creases around these vertices were
observed to inflect locally, causing the V-fold origami to deploy into the other
configuration. The deployed configurations of the folded prototypes with defined and
undefined 8, are shown in Fig. S2 (b)

Choice of 8. Upon deployment of the bistable V-fold module, it adopted a rigid
curved configuration with a tunable bending radius (¢z) governed by the ratio of the
of the height (b) and half-length (a) of the triangulated V-fold in each unit of the bistable
V-origami crease pattern (Fig 3.16 (a)). From geometry, the angle 6; was calculated
to be:

a
— -1(_
Op = 2 * tan (b) D
We further measured the bending radius ¢ of the folded deployed bistable V-fold
origami module corresponding to their respective 8; and best-fitted the results in
Origin (Fig. S3 (c)). We observed that the relationship between the two could be
approximated as such:

bp =1.22%05 —12.2 )

When combinations of individual bistable V-fold modules were deployed in an
aggregated bistable V-fold origami, the resulting structure was compliant around a
bending axis up to a specific angle, at which it was unable to bend further due to the
inherent structure (Fig S3 (b)). The minimum bending angle (Totalgg) that the
structure can achieve was approximated to be the sum of the bending radius ¢ of the
individual deployed V-fold origami modules.

In this work, we chose 65 = 45° as an arbitrary value. Depending on the desired
bending radius of the application, 65 can be tuned accordingly.

2. Fabrication of the bistable V-fold mechanism

V-fold Origami. The crease pattern of the origami mechanism was drawn in Inkscape
with a line thickness of 0.1 mm, and the crease lines as a series of small holes in a
straight line. We used 50 um think Polyethylene Terephthalate (PET) sheets
(purchased from Jubang plastic material, Inc.) for the folding of the origami
mechanisms in this work. The material then defined in the lasercut software (xTool
Creative Space) was "Brown Kraft Paper" of 0.2 mm thickness (Fig. S4 (a)). The laser
parameters were set to “cut” with a flat laser, with the power and speed set at 40%
and 15 respectively for a total of 1 pass (Fig. S4 (b)). Three units of bistable origami
V-fold is then folded and the glue tabs are adhered together using silicone adhesive
(Cutorin 4672-B food grade silicone). To maximize the translation of the torque that
the IPMs experience under the influence of the EPM to the folding and unfolding of

3
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the central crease, the side units housing the IPMs are clamped to the central unit
using silicone adhesive to remove the folding DoFs of the side units.

Internal Permanent Magnets (IPMs). To a three-unit bistable origami V-fold
mechanism, we tucked and attached an N35 permanent disc magnet (5 mm diameter,
1 mm thickness, purchased from Titan™ Magnetics) into each end of the folded
mechanism (in each end unit of the crease pattern) such that their magnetic moments
mirrored each other (Fig. S4 (b)). The disc magnets were chosen because their
flatness enabled them to integrate well with the flat foldable nature of the V-fold origami.
While the diameter of the IPM was arbitrary, we chose the maximum size that could fit
into the origami as a larger magnet was usually associated with greater magnetic flux
and hence could be actuated using weaker magnetic fields [9]. Food grade silicone
adhesive was used to adhere the IPMs to the V-fold mechanism.

3. Magnetic Actuation of the bistable V-fold mechanism

External Permanent Magnet (EPM). We used an N52 neodymium-iron-boron
(NdFeB) alloy cube magnet (side 25 mm) from Titan™ Magnetics as the EPM. Similar
to the IPMs, the size and shape of the EPM used can be arbitrary, as long as it was
able to generate sufficiently strong enough magnetic fields for the intended purpose.

Principles of magnetic actuation. Fig. S5 (a) shows a representation of a magnetic
dipole (of magnetic moment m) generating magnetic field lines that are radially
symmetrical about its magnetization direction According to [10], the magnetic field B
generated tangent to the magnetic field lines by a magnetic dipole (located at P,;,) on
a region of interest (located at P,,) can be approximated by the dipole model as:

Ho
4t|r|3
where p, = 4m x 1077 T-m - A1 is the permeability of free space, r = P, — P,,, and I
is the identity matrix.

B{r,m} = (3ffT — Dm (3)

Upon interaction between the permanent magnets, the magnetic field from the
EPM generates forces and torques that, if strong enough to overcome the inherent
folding stiffness of the creases, can induce unfolding and folding and consequently
deployment and Undeployment respectively of the bistable origami mechanism
respectively. The resulting force (f) and torque (t) imposed on an IPM (and
consequently on the origami crawler backbone) can be calculated using the following
equations:

fi = V(m; - B;) (4)

Ti=m; X Bi (5)

where f;, 7; € R3, (i = 1,2,3), m; is the magnetic dipole of the IPM located at position
P;, and B; is the magnetic field generated on the IPM at location P; by the other IPMs

and EPM. In the absence of a sufficiently strong magnetic field generated on the IPMs,
the innate elasticity of crawler backbone and gravity will restore it to its original shape.

Expanding on equations (4) and (5), the forces f and torques t exerted on the
IPMs due to the magnetic field generated by the EPM can be modelled as:
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fipm = —41T|r0|4‘ [(l'aTmlPM)mEpM + (r(meEPM)mIPM
[0 4
+ (mEPMTmIPM - S(QTmEPM)(ﬁmeIPM)) Ig] (6)

Tipm = S{mypym} [4 THE (3ol o l)] MEgpy (7)

Where r, is the distance between the EPM and the IPM, mgpy is the magnetic
moment of the EPM, and S{mypy} is the skew-symmetric matrix packing of a vector
used in the cross-product operation.

It is worth mentioning that given the size of the origami module, the IPMs were
fixed and positioned such that the magnetic field generated between the two IPMs
were not negligible. In particular, because the magnetic moment of the IPMs mirrored
each other, the IPMs were constantly repelling each other and both IPMs experience
an “outwards” rotational moment. In the absence of an externally generated magnetic
field, the forces and torques acting on an IPM (IPMa) by the other (IPMb) can be
modelled as:

fipma = (1"[; mIPMa)mIPMb + (f"f;TmIPMb)mIPMa
1T|’VB|
+ (mIPMbTmlPMa - S(QTmlPMb)(f'ﬁTmlpMa)) rg] (8)
Tipma = S{Mpya} |——— (3 I AT - 1)] Mpmp 9)
41t l"[;l

Where 73 is the distance between IPMa and IPMb, m;py, and mypy;, are the magnetic
moments of IPMa and IPMb respectively, and S{mypy;} is the skew-symmetric matrix
packing of a vector used in the cross-product operation.

When the EPM was brought sufficiently close, the combination of the forces and
torques acting on the IPM could be calculated as the summation of equations (6) and
(8) for the total force, and equations (7) and (9) for the total torque.

Characterisation of the EPM. We measured the magnetic field generated by the
north and south pole of the N52 EPM (|B|gpm) at different distances |r| from its center
using a magnetometer (TD8620, Tunkia Co., Ltd) as shown in Fig S5 (b). A linear
motor rail (speed of 2000 pulse/rev) was used to vary the distance of the EPM from
the sensor probe of the magnetometer. The initial and final position of the EPM relative
to the sensor probe was measured, and the trajectory of the EPM and respective
reading sensor reading of the magnetometer was videoed by an Iphone X at 30 FPS.
The open-source Physlets Tracker video analysis and modelling tool (Copyright (c)
2019 Douglas Brown) [11] was used to track the relative trajectory of the EPM
respective to the magnetometer’s reading at each time step of 0.1 seconds. The
absolute distance travelled by the center EPM in each time step was then calculated.
We then best-fitted the results in Origin to obtain an estimation of the relationship
between the magnetic field strength and the distance from the center of the magnet.
Even though equation (3) implied an inverse cubic relationship between the magnetic
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field B generated and the distance |r|, we found that an exponential decay was able to
better able to fit the data within the measured range (Fig. S5 (c)-(d)).

Magnetic Actuation of the bistable V-fold. To estimate the strength of the magnetic
field needed to deploy and un-deploy the bistable V-fold module, we anchored the
origami mechanism onto a 3D printed base (PLA) and used a linear motor rail to vary
the distance of the EPM from the center of the origami module (Fig S6). For analysis
purposes, we set the center of the base of the origami as the origin and vary the y-
position of the EPM with its x- and z- position fixed at zero relative to the origin (Fig 1
(c)-(d)). A mirror was used to minimize parallax error that may arise during recording.
We then tracked the distance of the EPM relative from the origin (and by extension the
origami mechanism), and the corresponding displacement d of the origami
mechanism as a result of the folding and unfolding of the middle crease between the
two degree-four vertices. We then calculated the corresponding estimated magnetic
field of the EPM (|B|gpMm) from the best-fit equations obtained in Fig S6 (c)-(d). In total,
three bistable V-fold samples were used and the distance of the EPM required to
deploy and undeploy each sample were measured for 3 cycles (Fig S7). The distance
from the center of the EPM to the bistable V-fold origami and the respective estimated
magnetic field required to deploy and undeploy the samples were then averaged and
the standard deviation (STDEV) was obtained from excel (Table. S1 and. S2).

4. Fabrication of the bistable origami crawler

Side Segments. The side segments of the origami crawler was fabricated from 50 ym
thick PET sheet via the same laser cutting parameters as the bistable V-fold
mechanism. For simplicity, we chose the same set of parameters for the side segments
as that of the bistable V-fold (i.e. 8, = 65 = 120°, and 65 = 45°). The number of units
in the left and right segments were chosen to optimize the deformation of the crawler
to achieve the desired shapes. When the number of units was too little, the origami
crawler was not able to undergo sufficient deformation to achieve the required
curvature without deploying. On the other hand, if the number of layers was too great,
the origami crawler would be too underactuated and difficult to control.

Assembly of the origami crawler. Food-grade silicone adhesive (Cutorin 4672-B
food grade silicone) was used to attach the IPMs and the segments together. Similar
to the bistable origami V-fold mechanism, an N35 permanent disc magnet (5 mm
diameter, 1 mm thickness, purchased from Titan™ Magnetics) was adhered to one
external ends of the origami crawler in the desired orientation.

5. Magnetic actuation of the bistable origami crawler

Magnetic Actuation of the bistable V-fold. Besides the two IPMs located in the
central segment, the other IPMs were positioned sufficiently far apart so that the
effects they had on each other were negligible enough to be overcome by the inherent
folding stiffness of the origami segments. To estimate the strength of the magnetic field
needed to shape-morph the origami crawler and deploy and un-deploy the central
bistable V-fold mechanism, we used a linear motor rail to vary the distance of the EPM
from the center of the origami crawler (Fig S8). The origami crawler was actuated on
Ecoflex 00-10 to reduce potential slippage that may arise from being actuated on a

6
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smoother surface with less friction. For analysis purposes, we set the center of the
base of the origami crawler in its resting configuration as the origin and vary the y-
position of the EPM with its x- and z- position fixed at zero relative to the origin. We
then tracked the distance of the EPM relative from the origin (and by extension the
origami crawler), and the corresponding displacement d of the left, center and right
segments of the origami crawler. We then calculated the corresponding estimated
magnetic field of the EPM (|B|gpm) from the best-fit equations obtained in Fig S6 (c)-
(d). The folding angle of the central unit of each segment (¢, ¢y and ¢yr) can be
calculated via trigonometry using the cosine law as (Fig. S9):

2

d
— -1 _
¢y = cos™ (1 o2 (10)

Directional locomotion. We used the same setup where a linear motor rail was used
to vary the distance of the EPM from the base of the origami crawler (Fig. S10). The
origami crawler was actuated on Ecoflex 00-10 to reduce potential slippage that may
arise from being actuated on a smoother surface with less friction. For analysis
purposes, we set the center of the base of the origami crawler in its resting
configuration as the origin and vary the y-position of the EPM with its z- position fixed
at zero relative to the origin. However, we fixed the x-position of the EPM at varying
values relative to the central segment. We then tracked the y-position of the EPM
relative to the origin (and by extension the origami crawler), and the corresponding x-
position of the central unit of each segment was used to represent the displacement
of the origami crawler. As per our nomenclature, the right segment indicated the front
segment and a positive change in x position indicated forward displacement of the
origami crawler.

The x-position of the north pole of the EPM relative to the center of the origami
spring determines whether the origami spring was able to achieve directional
locomotion. As observed in Fig. S11 (a), positioning the north pole of the EPM ahead
of the center of the origami spring caused an initial forward displacement due to the
anchoring of the front segment, pulling the rear end forward ((1)-(2)). When the EPM
was not sufficiently ahead of the center of the origami spring (6.5 mm in this case), the
origami spring would slide backwards after the initial forward displacement upon
moving the EPM away, resulting in little to no net displacement ((2)-()). This was
because the magnetic field acting on the front IPM was too strong that even upon
moving the EPM away, the front end was still bent and remained more anchored
relative to the back end. Hence, the back end of the origami spring slid backwards
instead, resulting in little to no net displacement. However, when the EPM was placed
too far ahead of the center of the origami spring (18 mm in this case) as in Fig. S11
(b), the origami spring would undergo forward slippage during the anchoring phase of
the front end ((2)-(3)), which was undesirable.

Crawling speed of the origami crawler. We manually actuated the origami crawler
on Ecoflex 00-10 at different frequencies for ~ 20 s. We tracked the position of the
center of the crawler over time using the Physlets tracker, which was used to reflect
the distance the crawler travelled (Fig. S12 (a)). We chose to use Ecoflex as the
travelling material as it was commonly used as tissue phantoms and models in
literature as they possessed similar stiffness to that of biological tissues [12]-[14][15]-
[17]. We actuated at origami crawler at three different frequencies for three cycles each:

7
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1.0 Hz, 1.25 Hz and 1.5 Hz. A metronome was used to ensure actuation of the origami
crawler at a consistent frequency (60 bpm = 1.0 Hz, 75 bpm = 1.25 Hz, 90 bpm = 1.5
Hz). The average displacement and standard deviation travelled by the origami
crawler was then taken by averaging the displacement values at each time stamp was
obtained from excel. From Fig. S12 (d), we observed that the first cycle (C1) of the
actuation of the origami crawler at 1.5 Hz is drastically different from the other two
cycles and hence excluded from analysis. The travelling speed of the origami crawler
is calculated by dividing the total distance travelled by the origami crawler by the total
time (~20 s) required for it to cover that distance. The normalized travelling speed
(bodylength/s) of the origami crawler is calculated as follows:

average speed average speed

bodylength/s = 11

origami crawler length 22mm

The travelling speed, normalized travelling speed and the respective standard
deviation of the origami crawler at each actuation frequency is calculated from excel
as shown in Table. S3.

Tilting of the origami crawler. We used the same setup where a linear motor rail was
used to vary the distance of the EPM from the base of the origami crawler (Fig. S13).
The origami crawler was actuated on Ecoflex 00-10 (~0.5 mm thick) to reduce potential
slippage that may arise from being actuated on a smoother surface with less friction.
For analysis purposes, we set the center of the base of the origami crawler in its resting
configuration as the origin and vary the z-position of the EPM with its x- position fixed
at zero relative to the origin. However, we fixed the y-position of the EPM at 25 mm.
We then tracked the z-position of the EPM relative to the origin (and by extension the
origami crawler), and the corresponding z-position of the origami crawler was used to
calculate the tilt angle of the origami crawler.

Navigation of the origami crawler on porcine small intestine. We obtained porcine
small intestine from food2homes. A segment of the small intestine was cut open and
laid flat to expose the intestinal wall on a 3D printed phantom and adhered using
cyanoacrylate to prevent slipping of the small intestine during locomotion of the
origami crawler. Most of the mucin was removed from the small intestine surface.
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6. Microneedles delivery and insertion

Verification of microneedles insertion. The topology of the microneedles of the
CASMA patch as viewed under an optical microscope is shown in Fig. S13 (a), while
the topology of an un-punctured Ecoflex (~0.5 mm thick) is shown in Fig. S13 (b). From
Fig. S13 (c), visible puncture marks can be observed in the Ecoflex film from the
microneedles delivered by the origami crawler. To verify that the puncture marks
observed is attributed to the insertion of microneedles, we compared the puncture
marks created by the insertion of microneedles by the origami crawler with that made
by a commercial spring-loaded applicator (MPatch Mini Applicator, purchased from
Micropoints Technology Pte Ltd), which was often used for epidermal microneedle
insertion (Fig. S13 (d)). From Fig. S13 (d), we observed an array of puncture holes
that verifies that the marks observed on the Ecoflex are due to the insertion of
microneedles. The marks observed in both Fig. S13 (c) and (d) bear resemblance,
verifying successful puncture of the microneedles into the Ecoflex film by the origami
crawler.

It is worth noting that in contrast to the puncture marks made by the commercial
spring-loaded applicator, the puncture holes made by the origami spring were less
distinct. We attributed this to two reasons. Firstly, while the spring applicator was used
to insert the microneedles on a flat uniform surface, the origami spring was used for
endoluminal microneedles insertion, which resulted in non-uniform force distribution
due to the insertion of microneedles on a curved surface in a tubular environment.
Secondly, the amount of force that the origami spring was able to generate from the
snap-through bistability was likely to be lesser than that of the spring applicator, and
hence the microneedles deployed by the origami spring may not have penetrated the
Ecoflex film as deeply as those deployed by the commercial spring applicator. We
believe that the force-loading capacity of the origami spring can be further enhanced
to improve its microneedles insertion capability. In addition, we believe that coupled
with the peristaltic motion in the small intestine, sufficient compressive forces can be
exerted by the origami crawler on the intestinal wall for greater contact and penetration
insertion of the microneedles for biomedical applications [18].
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Fig. S 1 Influence of 0. (a) Crease pattern and folded counterpart of the accordion bellows consisting
of alternating V-folds with an angle 8y of 90°. The circle indicates the distinctive V shape where the
three mountain folds (red lines) and one valley fold (blue) meet at a node. (b) The crease patterns and
the corresponding simulated origami structures when 6, = (i) 60°, (ii) 90° and (iii) 120°. A larger folding
angle (0y) results in a smaller closing angle (¢y) of the structure and vice-versa. (c) The modified
origami crease pattern allowing for folding of V-fold origami with larger folding angles. Here, the folding
angle 6, = 120°.
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Fig. S 2 Influence of 8. (a) Modified bistable V-fold origami demonstrated bistability as a result of
energy-scale dependent DoF due to its non-rigid foldable nature. Unfolding the V-fold origami beyond
a certain point caused the facets to bend, enabling crease inversion. At this point, the origami entered
a different stable configuration. (b) The folded origami with undefined (top) and defined bending creases
(bottom).
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Fig. S 3 Influence of ;. (a) Combining several bistable V-fold modules result in an aggregated
structure where each module can deploy independently of its neighbouring modules.(b) Bending radius
@5 of each deployed V-fold origami module was dependent on the angle 6z. The minimum bending
angle of a fully deployed origami structure consisting of aggregated bistable V-fold origami modules
was given as Totalgy. (c) Linear relationship between @5 and 05.
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Fig. S 4 Fabrication of miniature bistable V-fold module. (a) Crease pattern of the origami V-fold
where the crease lines are drawn as perforated holes. (b) Laser cutting of crease pattern on 50 um thick
PET sheets. (c) Integration of 5 mm x 1 mm discs magnets into the bistable V-fold origami module.
IPMs were tucked into the ends of the origami module and oriented in a way that that their magnetic
moments mirrored each other.
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Fig. S 5 Characterisation of EPM. (a) Representation of magnetic field produced by the external
permanent magnet as abstracted as a magnetic dipole. (b) Experimental setup where a linearised motor
was used to vary the distance between the EPM and the magnetometer. The relative trajectory of the
EPM (red circle) and respective magnetic field measurement reflected on the magnetometer was
tracked using the open-source Physlets Tracker video analysis and modelling tool (c) Characterisation
of the magnitude of the magnetic field generated by the EPM (|B|gpm) at different distances |r| as
measured from its south pole and (d) north pole. The data is best-fitted in origin using an exponential
relationship.
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Fig. S 6 Experimental setup for the magnetic Actuation of bistable V-fold origami mechanism. A
motorized linear rail was used to vary the y-position of the EPM relative from the origami mechanism
to modulate the strength of the induced magnetic field throughout the actuation of the mechanism.
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Fig. S 7 Distance from the center of the EPM to the bistable V-fold origami vs deformation of he
origami mechanism. (a) Deployment of samples 1 to 3, each for 3 cycles. (b) Undeployment of
samples 1 to 3, each for 3 cycles.
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Fig. S 8 Experimental setup for the magnetic actuation of the origami crawler to induce shape-
morphing between the deployed and undeployed state. A motorized linear rail was used to vary the
y-position of the EPM relative from the origami crawler to modulate the strength of the induced magnetic
field throughout the actuation of the mechanism.
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Fig. S 9 Characterisation of Folding angle (¢;). The folding angle of the origami V-fold can be
calculated via trigonometry.
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Fig. S 10 Experimental set for inducing directional locomotion of origami crawler. A motorized
linear rail was used to vary the y-position of the north pole of the EPM relative to the origami crawler.
The z-position of the EPM relative to the origami crawler was fixed at zero, while the x-position of the
EPM relative to the origami crawler was fixed at a fix distance away from the origin. The x-position of
the central segment of the origami crawler was tracked as a representation of the displacement of the
crawler.
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Fig. S 11 Position of the EPM relative to the front end of the origami crawler affects directional
locomotion. (a) Placing the north pole of the EPM too close to the center of the origami spring resulted

in little to no net displacement. (b) Placing the north pole of the EPM too far ahead from the center of
the origami spring resulted in undesirable slippage.
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Fig. S 12 Speed of the Origami crawler. (a) The origami crawler was manually actuated on Ecoflex
00-10 at different frequencies. The position of the center of the crawler over time using the Physlets

tracker, which was used to reflect the distance the crawler travelled for actuation frequencies of (b) 1.0
Hz, (c) 1.25 Hz, and (c) 1.5 Hz.

21



aoOUnpPhwWN B

Origami crawler

Ecoflex 00-3@ssubstrate

AN i

AN

i
Motor-_

linear pail

Fig. S 13 Experimental setup for the tilting of origami crawler. A motorized linear rail was used to
vary the z-position of the north pole of the EPM relative to the origami crawler. The x-position of the
EPM relative to the origami crawler was fixed at zero, while the y-position of the EPM relative to the
origami crawler was fixed at a fix distance away from the origin (25 mm). The tilting angle of the central
segment of the origami crawler was tracked.
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(a) Hyaluronic acid microneedle patch (c) Orlgaml Crawler: Insertlon of Mlcroneedles

—
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Fig. S 14 Optical microscope images for the verification of the insertion of microneedles into an
Ecoflex film. (a) Topology of the CASMA microneedles patch used. (b) Topology of an un-punctured
Ecoflex film. (c) Ecoflex film punctured by microneedles inserted by the origami spring. (d) Ecoflex film
punctured by microneedles inserted by a commercial spring-loaded applicator.
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Supplementary Tables

Table. S 1 Magnetic field strength required to deploy the bistable V-fold mechanism

Sample | Cycle | EPM, Deployment (mm) STDEV B-field deployment (mT) STDEV
D1 26.46129838 87.76446797
D2 28.72971286 70.79670255
S1 D3 28.13795256 74.85900823
D1 26.36267166 88.59311098
D2 26.46129838 87.76446797
S2 D3 27.15168539 82.18726069
D1 28.53245943 72.12418385
D2 26.75717853 85.32701523
S3 D3 26.06679151 91.12864487
Average 27.18456097 1.016621 82.28276248 7.727252
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Table. S 2 Magnetic field strength required to undeploy the bistable V-fold mechanigm

Sample | Cycle | EPM, Undeployment (mm) STDEV B-field Undeployment (mT) STDEV
UD1 16.89450687 134.226077
uD2 19.06429463 108.6612525
S1 UD3 18.8670412 110.7629612
UD1 17.0917603 131.666085
UD2 16.59862672 138.1620031
S2 UD3 16.89450687 134.226077
uD1 20.14918851 97.81450152
uUD2 22.71348315 76.40455957
S3 UD3 20.83957553 91.50015269
Average 18.79033153 2.13293 113.7137411 22.1753
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Table. S 3 Travelling speed of the origami crawler at different actuation frequencies

Actuation | Cycle Speed Bodylength/s | Average | Speed Average Bodylength/s
freq (mm/s) Speed STDEV | Bodylength/s STDEV
(mm/s)

1.0 Hz C1 1.28176 0.058262 1.28757 | 0.0958 0.058526 0.004357
C2 1.38618 0.063008
C3 1.19476 0.054307

1.25Hz C1 1.41346 0.064248 1.5566 0.1291 0.070755 0.005869
C2 1.66426 0.075648
C3 1.59214 0.07237

1.5Hz C2 1.84004 0.083638 1.85657 | 0.0234 0.084389 0.001062
C3 1.87310 0.085141
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Table. S 4 Comparison of travelling speed of bistable origami crawler against Iiterat&re

Actuation principle Locomotion Normalized velocity to 3 s.f. Ref
achieved (body length/s)

Magnetic In-plane 0.0294 [19]
Light In-plane 0.0345 [20]
Motor In-plane 0.0204 [21]

Motors In-plane 0.106 [22]
SMA In-plane 0.00308 [23]

Magnetic Out-of-plane 0.0418 [24]

Magnetic Qut-of-plane 0.00833 [25]

Magnetic Qut-of-plane 2.31 [26]

Magnetic Qut-of-plane 2.87 [27]
SMA Out-of-plane 0.0667 [28]

Magnetic In-plane 0.66 [29]

thermal Qut-of-plane 0.012 [30]

Magnetic QOut-of-plane 0.084389 Our work
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Legends for Supplementary Movies

Supplementary Movie 1. Deployment and Undeployment of Bistable V-fold
Supplementary Movie S2. Steering on porcine tissue

Supplementary Movie S3. Crawling in confined spaces

Supplementary Movie S4. Crawling in porcine small intestine

Supplementary Movie S5. Microneedle delivery and insertion
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