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Robust Design and Evaluation
of a Novel Modular Origami-
Enabled Mobile Robot (OSCAR)

This article presents critical design modifications for an Origami-enabled Soft Crawling
Autonomous Robot (OSCAR). OSCAR’s upgraded design mitigates motion uncertainties,
which often plague soft robots. More specifically, we present a design that mitigates
motion uncertainties caused by the feet interaction with the ground and uncertainties in
the assembly procedures and actuators’ control. The new design has a robust and repeat-
able locomotion cycle that reaches more than 95% of its ideal, analytically predicted
locomotion cycle. OSCAR’s performance is experimentally validated using two case
studies, namely, navigation in a 2D environment with static obstacles and coupled locomo-
tion of two docked OSCAR segments. Results from the first case study demonstrate OSCAR’s
accurate and robust path following performance across multiple trials and experiments.
Results from the second case study show the successful and repeatable earthworm-inspired
locomotion of two docked OSCAR segments. The second case study demonstrates OSCAR’s
modular design. OSCAR’s modified design, along with the reduced motion uncertainty,
allows for operation where individual segments can operate alone or while docked to
other segments. The repeatable and modular OSCAR design presented in this study
expands the operational envelope for origami-enabled robots and allows their deployment
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1 Introduction

The field of soft mobile robotics is proliferating today and has led
to the emergence of various soft robot designs [1,2]. The body com-
pliance of soft robots offers many benefits that are hard to achieve
with traditional rigid robots. These benefits include safety for inter-
action with humans [1], adaptability to the unknown complex
terrain of travel or environment [3-6], and motion in confined
spaces [7,8].

This study is interested in a particular class of soft robots,
namely, origami-enabled mobile robots [9-11]. Origami-enabled
mobile robots are a new emerging class within a diverse umbrella
of soft robotics [12]. Origami is made by folding a flat sheet into
a complex 3D structure, and it has been recently used in several
robotic applications, including soft grippers and mobile robots
[13,14]. The compliance of origami structures allows for shape
deformation, which can be used for navigation in obstacle-filled
environments [9] or on unstructured terrains [15].

Origami robots are lightweight and easily scalable. They can also
be fabricated using rapid prototyping facilities [16,17]. In addition,
origami robots’ actuation sources are more compact than pneumat-
ically or hydraulically actuated mobile robots. Such reduction in
actuation size and complexity facilitates control and power auton-
omy, i.e., onboard power supply and electronics [18]. For
example, some of the smallest power and control-autonomous
insect-inspired origami robots, such as the ones in Refs. [19] and
[15], have a total weight under 10 g. These additional benefits of
scalability, fast fabrication, and compact actuation make origami
robots viable soft robotic solutions for many practical applications.

Some examples of origami robots particularly relevant to the
current work include worm-like robots [7,16,20], a snake-like
robot [21], and digestible crawling robots [22,23]. Among these
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robots, the earthworm-like robot [7], and snake-like robot [21] are
multisegment robots with several rigidly attached segments. The
sources of actuation for these robots include cable-driven systems
with dc motors [7,21], servo motors [20], shape-memory alloy actu-
ators [7,15], or external stimuli, e.g., magnetic fields [22,23]. Their
potential applications are highly diverse, including noninvasive
medical procedures [22,22], in-pipe inspections [7], and
search-and-rescue missions [20,21].

Although compliance introduces many benefits, it also makes the
soft robots underactuated [1,9,24]. As a result, many soft mobile
robots have significant motion uncertainties, which presents a
major challenge. Motion uncertainties hinder task-level control
implementation. For example, soft mobile robots have challenges
following complex paths commanded by a high-level controller.
Hence, their application in real-world tasks is currently less feasible
than traditional rigid mobile robots. Tailoring the physical
design, sensing architecture, and subsystem integration can reduce
motion uncertainties and enable robust and reliable soft robot
performance [24].

This article presents the design of a novel origami-enabled soft
mobile robot called OSCAR (Origami-enabled Soft Crawling
Autonomous Robot). OSCAR uses two origami towers to mimic a
caterpillar-like crawling locomotion. Compared to other soft
robots, OSCAR offers the following advantages:

e OSCAR’s design relies on origami towers that are actuated
using a compact, lightweight, and inexpensive servo motors.
Such actuation allows for untethered operation and simplifies
the control strategies.

e OSCAR’s components are fabricated using rapid prototyping,
allowing for multiple iterations, fast assembly, and ease of part
replacement.

o OSCAR’s design is modular. OSCAR can operate in single- or
multiple-segment configurations, which allows for operation
in the case of component or segment failure.

The design discussed in this article represents a major modification
to a previous robot design that was presented in Refs. [25-27] and
demonstrated basic functionality but limited locomotion.
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Significant motion uncertainties limited the initial design due to
unpredictable interactions between the feet and ground, including
slipping, as well as considerable actuator input uncertainties. As a
result, these uncertainties have prevented task-level autonomy
(e.g., autonomous navigation) and system-level integration (e.g.,
multisegment locomotion).

This article aims to reduce motion uncertainties and highlight the
effect of such improvements using two case studies. We first present
three design modifications to reduce motion uncertainty. More spe-
cifically, we modified the feet design, the robot assembly procedure,
and the control of the input servo motors. Then, two case studies are
selected to highlight the effect of the reduced motion uncertainty.
For both case studies, OSCAR performance is demonstrated both
experimentally and through simulations. In the first case study,
OSCAR navigates a 2D environment with static obstacles, while
in the second case study, we demonstrate a coupled locomotion
of two connected OSCAR segments.

The remainder of this article is organized as follows. Section 2
presents the robot design and discusses the design modifications
for uncertainty mitigation. Section 3 describes the experimental
setup and results used to assess the effects of the design modifica-
tions on motion uncertainties. OSCAR performance is then evalu-
ated through the two case studies in Sec. 4. Finally, this article
concludes with a summary in Sec. 5.

2 OSCAR Design

2.1 Previous Robot Design. The preliminary design of
OSCAR is shown in Fig. 1 and was described in Refs. [25-27].
The main robot components are two origami towers of opposite chi-
rality. The towers convert rotational input into linear translation.
Each tower consists of six Kresling cells and has relief cuts
between every two consecutive cells to allow the robot to turn.
The towers are rigidly attached to the robot’s front plate and are
driven by continuous rotation servo motors. The servos are
rigidly mounted on the robot’s back plate. When the servo
rotates, the origami tower expands or contracts depending on the
direction of rotation.

The robot has anisotropic friction feet at the bottom of its front
and back plates to enable crawling locomotion. The feet have low
friction in the forward direction and high friction in the backward
direction to prevent undesirable backward slippage. The anisotropic
friction feet and the origami towers’ expansion and contraction
result in caterpillar-like crawling locomotion.

This initial design had anisotropic friction feet based on a wedge
design; each foot had low-friction material on its front side and
high-friction material on its backside. During locomotion, the fric-
tion sides switched passively due to inertia and direction of motion.
In addition, the robot had protective bellows (transparent

Bellows Origami tower

Front plate

Foot
(side view)

4

Servomotor: @ Bt

friction

Fig. 1 The initial origami robot design. Electronics at the back
plate are not shown. Image is adapted from Ref. [25].
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polyethylene terephthalate (PET)) whose primary function was to
provide torsional rigidity. The rigidity prevented the plates from
pivoting relative to the ground connection point. Finally, the prelim-
inary robot design had open-loop controlled locomotion with an
onboard microcontroller and power source.

The initial robot design demonstrated the robot’s capabilities for
untethered motion in a 2D planar environment, but it had several
shortcomings. These shortcomings resulted in significant motion
uncertainties. More specifically, the initial robot design had the fol-
lowing problems:

e Although the wedge feet are anisotropic, they had high back-
ward slippage. For example, the back plate slid backward
instead of being fixed during expansion, reducing the
forward motion stroke. Similarly, during contraction, the
front plate slid backward. This slippage reduced the efficiency
of both turning and forward motion and led to significant
motion uncertainties.

e The feet’s interaction with the ground was irregular and hard to
control. An experimental evaluation revealed that some of the
feet were sometimes slightly lifted off the ground after assem-
bly, further exacerbating the uncertainties. A similar problem
occurred in the origami snake robot in Ref. [21], where
weight was added to the robot’s wheels to ensure even
contact with the ground. However, this solution is not feasible
for OSCAR due to its load-carrying limit.

e Finally, the open-loop control of the actuators’ input made the
actual angular position of the actuator, and hence the tower
expansion/contraction, uncertain.

Therefore, the initial design’s three primary sources of uncertain-
ties are the feet design, uneven interaction between the feet and the
ground, and actuator input uncertainty. To address each of these
uncertainties, we have changed the initial robot design to
OSCAR'’s current design.

2.2 Current Design. The current design for OSCAR is pre-
sented in Fig. 2, and its characteristics are listed in Table 1. As
listed, its length at the fully contracted and fully expanded states
are 95 and 155 mm, respectively. Its height and width are 72 mm
and 106 mm, respectively. As in the initial design, OSCAR’s
main elements are two opposite chirality origami towers. One end
of the origami towers has a paper disk to fix the towers to the
front plate rigidly through acrylic plates. The opposite end of the
tower is driven by the servos and has a connector for ease of con-
nection to the servo horn. The servo horn has a magnetic encoder
ring to measure the angular position (Fig. 2(c)). Both servo horn
and its connector are custom made. The encoder chip is installed
on the back acrylic plate for alignment purposes.

OSCAR can move forward, turn left, and turn right. As shown in
Fig. 2, OSCAR’s control inputs are angular rotations of the origami
towers, [¢1, (pz]T. From the robot’s fully contracted state (Fig. 3,
top), positive servo angles result in the robot’s expansion (Fig. 3,
middle). Then, zero reference angles [0, 07" return the robot to its
fully contracted state, as shown in Fig. 3 (bottom). When equal
angular expansion inputs are provided to the towers, they expand
equally, and hence, the robot moves forward. When the angular
inputs are different, the robot turns. Based on these considerations,
OSCAR'’s motion is discrete and is defined as a sequence of loco-
motion cycles. A single expansion and contraction characterize a
single cycle. The only control inputs to the robot are the tower rota-
tional angles. In other words, the expansion of each tower is syn-
chronized to the rotation of the servos. Also, since there are no
resonances in the tower expansion, and the servos rotate at approx-
imately a constant rate between startup and slowdown, the rates of
tower expansion and contraction are constant. Thus, the tower
dynamics are very simple and are subsumed by the cycle-to-cycle
behavior that is the focus for the rest of this article.

Unlike previous designs, the current OSCAR design does not
have protective bellows. The bellows incurred significant turning
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Fig.2 The current OSCAR design showing (a) the main components, (b) a side view, and (c) an exploded CAD view

Table 1 Summary of OSCAR physical characteristics

Contracted length
(nominal) (mm)

Expanded Width

Height
length (mm) (mm) (mm)

Mass Number of
(2) origami towers

Number
Speed of feet

95 155 106

72

165.3 2 9.6 mm/s or 0.1 bl/s 4

Expansion

High
Friction

Low Friction

Contraction
—

High Friction

Low Friction

—_—

Expansion

High Friction Low Friction

Fig. 3 OSCAR locomotion cycle schematic
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resistance and limited the operational range of the earlier design
iterations. Thus, removing the bellows allowed a larger turn curva-
ture (i.e., smaller turning radius) for the same angular inputs. In the
most recent OSCAR design (Fig. 2), the bellows are replaced with
small support wheels, called stabilizers. The stabilizers are located
on each side of the front and back plates, and they prevent pivoting
relative to the ground connection point. The stabilizers are located at
some vertical offset from the ground.

Unlike other soft mobile robots, OSCAR’s design allows for a
modular robot design. It has docking and segmentation mecha-
nisms, shown in Fig. 4, allowing it to connect to or disconnect
from other OSCARs. Modularity is important for many practical
applications, as it enables robust operation [28]. There are several
rigid robots that feature docking and segmentation mechanisms
[29]; however, these features are not as common for current soft
robots. Modularity and segmentation are particularly relevant for
soft mobile robots because they have a higher potential for
damage in unstructured terrains due to their material compliance.
Several existing origami-enable robots have multiple segments;
however, these segments tend to be rigidly attached to one
another making segmentation and reconfigurability in the presence
of damage infeasible. For example, the soft meshworm robot in
Ref. [30] has a single continuum body. The origami-based worm
robot [31] and snake robot [21] have multisegmented bodies that
are rigidly coupled segments. These robots could potentially fail
the task execution if a part of the robot becomes trapped or
faulty. Instead, OSCAR can safely disconnect faulty segments
and continue its mission. OSCAR’s segmentation and docking
mechanisms are presented in Fig. 4. The docking is done passively
using permanent magnets, and segmentation is enabled by the
shape-memory alloy (SMA) actuators. The front plate for a given
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(@) Direction of rotation for segmentation (c)
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Fig. 4 Segmentation and docking mechanism: (a) front plate, and (b) back plate, (c) Isometric view of two segments during
passive magnetic docking. Only adjacent front and back plates of two connecting segments are shown. During segmentation,
two shape-memory alloy (SMA) actuators are actuated, which makes front plate disks rotate in the opposite directions and dis-

connect connected segments

OSCAR segment has two disks with eight permanent neodymium
magnets, and the back plate has a detachable cover with the same
number of magnets. Hence, when two OSCARs are close to each
other, they can passively dock (Fig. 4(c)). When the segmentation
is required, two SMAs at the front plate disks actuate (Fig. 4(a)).
Upon their contraction, the disks rotate in the opposite directions,
shearing the magnets and disconnecting the segments. The charac-
teristics of SMA actuators used for segmentation is detailed in
Ref. [20]. The ability to dock with multiple other OSCAR segments
enhances the operational envelop and functionality of the robot.

In addition to the bellows and the segmentation mechanisms, the
current OSCAR robot has three design changes to mitigate the three
major sources for large motion uncertainty. We have iteratively
changed the feet design to meet performance specifications. We
also modified the assembly process to address the unevenness of
the feet interacting with the ground. Finally, to address the actua-
tors’ uncertainties, we added and analyzed a closed-loop servo posi-
tion control. These design changes resulted in the current OSCAR
design.

2.2.1 [Iterative Feet Design. The robot feet are a crucial
element of the robot design. Ideally, starting from the fully con-
tracted state, as the origami towers expand, the robot’s front plate
moves forward due to the low friction at the front feet, while the
back plate stays fixed due to the high friction between the rear
feet and the ground (Fig. 3). Then, during contraction, the front
plate remains fixed due to increased friction being deployed at the
front feet, while the back plate moves forward due to low friction
being deployed at the rear feet. However, in reality, the initial
foot design had high backward slippage, resulting in motion
uncertainty. Multiple foot design iterations have been performed
to mitigate the backward slippage and achieve better robot
maneuverability.

The timeline for the designs is shown in Fig. 5. Starting from the
wedge feet that resulted in high motion uncertainties, three addi-
tional designs were considered: wheels with a ratchet mechanism,
a combination of wheels and wedges, and sliding ratchet feet.

021015-4 / Vol. 15, APRIL 2023

The timeline highlights each design’s advantages and disadvantages
and shows gradual functionality improvement.

As stated earlier, the simple wedge foot design had irregular
switching between its high- and low-friction phases leading to
uncertainty. Thus, the wedge feet resulted in extensive backward
slippage and a relatively large turning radius (i.e., poor turning
capability). Wheels with ratchet mechanisms were utilized to
improve the passive friction deployment of the wedge foot design
and improve the robot’s turning. These feet demonstrated controlla-
ble deployment and better turning capability. However, mechanical
contact within the ratchet mechanism caused the supposed free-
rolling, low-friction motion within each wheel to have significant
friction. This friction was also subject to manufacturing variance
and was not highly repeatable. The third design iteration addresses

Backward Slippage
Turning Radius

L Ul ok

Wedges Ratchet Feet Wheels & Wedge  Sliding Ratchet Feet
Fall 2017 Fall 2018 Spring 2019 Fall 2019
Durability Durability

Eg Simple Design  Controllable Deployment
T Durability Higher turning radius Controllable Deployment
Uncontrollable

Deployment

Uncontrollable
Deployment

Higher friction at
low friction side;
Fast Deterioration

Cons:

Fig.5 Timeline of the foot design with main advantages and dis-
advantages of each design. The top part highlights the qualita-
tive reduction in the backward slippage and improvements in
the radius of turn (i.e., better turning)
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Ratchet
wheel

Free rotation

Locked position

Fig. 6 Sliding ratchet feet function for (a) forward and (b) back-
ward direction

that by combining two wheels at the sides of the plate and one
wedge at the center. These feet combined the benefits of the two
previous designs (see design Pros in 5). However, it also resulted
in high backward slippage.

Considering the lessons learned during the evolution of the feet, we
developed a design called sliding ratchet feet (Fig. 6). It utilizes
wheels for turning and a low-friction ratchet mechanism for passive
friction deployment. Both front and back plates have two sliding
ratchet feet mounted at the bottom (Fig. 2). The foot’s mechanism
resembles a ratchet mechanism with the ratchet wheel freely sliding
between two states: locked and free-rotation positions (Fig. 6).
Switching between these states happens passively due to inertia and
ground friction. When the robot plate moves forward, the ratchet
wheel slides back to a position where it can freely rotate, providing
low friction for the plate’s forward motion (Fig. 6(a)), and when
the plate is driven backward, the ratchet wheel encounters two
pawls and stops. The feet provide high friction in this locked position
and prevent undesirable plate backward slippage (Fig. 6(b)). This
design offers robust feet performance with low backward slippage,
thereby enabling a low turning radius for the robot (Fig. 5).

2.2.2 OSCAR Assembly Process. The next design improve-
ment ensures even ground contact among all the feet and ground.
A repeatable assembly procedure for OSCAR is important for cre-
ating an even interaction between all the robot’s feet and the ground.
The assembly process from the previous system design was modi-
fied, as shown in Fig. 7. During the assembly, both the front and
back plates are rigidly fixed to the custom-designed assembly

(@)

Vertical
plane
alignment

Horizontal
plane
alignment |

y

guide (Fig. 7). The assembly guide aligns the bottom of both the
front and back plates (in the x—y plane), thus guaranteeing
uniform foot-ground interaction for all feet.

The assembly process is summarized in the block diagram in
Fig. 8. The front and back plates are pre-assembled first, such that
the back plate has installed origami towers that are left disconnected
from the front plate. The plates are then fixed at the assembly guide
that aligns them vertically and horizontally and maintains the plates’
distance to d/=41 mm (Fig. 7).

A LABVIEW VI and the microcontroller start and initialize the robot
servos. During the initial power on, the continuous rotation servos
could change their position—this is a common phenomenon for
small-scale servos. Thus, aligning servo positions after their initial-
ization and then fixing the origami towers at the front plate prevents
any prestress in the towers after assembly and allows even foot and
ground interaction (Fig. 7(b)). Finally, the assembled robot is
released from the guide.

The robot re-assembly (Fig. 8) is repeated at the beginning of
each experiment for performance consistency. At re-assembly, the
origami towers are released from the back plate and then fixed to
the front plate in the assembly guide to eliminate the uncertainties,
as described in Fig. 8.

2.2.3 OSCAR Actuator Control. The actuators’ input
uncertainty is one of the major contributors to OSCAR’s motion
uncertainties. In this design modification, we added a servo posi-
tion controller, where the servo angular positions are controlled
by simple proportional-integral (PI) controllers, which are gener-
ally sufficient for servo motor position control. The controller
input u is the servo’s pulse-width modulation (PWM) input.
The same controllers are used for both left and right servos and
were implemented on OSCAR’s microcontroller. The angular
positions are regulated to be within +2 deg of the reference
value to avoid any origami tower damage.

The controller has a standard form of

t

Au=Kye + K,-j e(t)dt (€))]
0

where e =@, .,— @ is the error between the reference and measured
servo angles, and K, and K; are proportional and integral gains,
respectively. This control input is bounded Au < Au < Au and sub-

jected to the integral anti-wind-up constraint ’I( i f f)e(‘r) dT‘ <a.

(b)

Front plate

Fig. 7 Robot during assembly in the assembly guide: (a) isometric CAD view and (b) top view of the actual robot. The guide
allows to align front and back plate in vertical (x-z) and horizontal (x-y) planes preventing uncertainties due to feet with

ground interaction
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Y
— Release robot from the guide |

Fig. 8 Robot assembly process with the guide

The servo has a deadband near-zero control inputs. This dead-
band is detrimental to accurate servo motion. To compensate for
this, the deadband was manually aligned to be symmetric in the
[- 8, 6] range with respect to Au=0 and compensated, resulting
in the final PWM input having a form of

u=90(1 + sAu+d) 2)
6, if Au>0

d= i 3)
-5, 1if Au<0

Here, d is the added deadband compensation and the constant
s = +1 corresponds to the origami tower chirality, i.e., positive or
negative. The PWM input is given by the Arduino command,
where 90 corresponds to zero servo speed. Hence, the multiplier
90 is added. The uncertainty mitigation with this low-level servo
position control is validated in Sec. 3.

3 Motion Uncertainty Assessment

3.1 Experimental Setup. To assess the effects of the previ-
ously mentioned design changes, we built an experimental setup
where the position and orientation of an OSCAR segment could
be measured. The experiments are performed in the testbed, as
shown in Fig. 9. It has a camera (USB-72, Leopard Imaging)
mounted on top of the frame, having a “god’s eye” view of the
workspace, and an offboard personal computer (PC). The PC is
used for robot localization and for computing the angular inputs
in LABVIEW VI. Since this work focuses on uncertainty mitigation,
OSCAR has an offboard Arduino microcontroller and 5V power
source for powering servos. These elements could be miniaturized
and placed onboard, but that is outside the current work scope.

Localization is done using four black-and-white markers on
OSCAR (Fig. 9). There are two markers per plate, which provide
the plate’s position [x, y] and orientation 6. When the camera
takes an image, the markers are localized via image processing
using geometric matching. The robot state, which is [ x, y, 0] of
the front plate, is defined with respect to the local coordinate
frame fixed at the centroid of the front plate.

When the robot arrives at the fully contracted state, the camera
captures the workspace image and sends it to the PC. The
LABVIEW VI localizes the robot state and defines reference angles
for the current locomotion cycle, [(pl, @ ]kT Here, k denotes the
index of the locomotion cycle. ¢, and ¢, are defined by either a
manual user input or a path following controller. The angles are
sent to the microcontroller, where the low-level servo control
achieves the desired angles, and the robot expands. Then, localiza-

tion is repeated. Zero angular inputs [O,O]T are sent for

021015-6 / Vol. 15, APRIL 2023

Microcontroller
Power Source

Camera image

.....

Fig. 9 Experimental testbed

contraction. After contraction, the process repeats for the next loco-
motion cycle.

3.2 Results for Motion Uncertainty Assessment. The motion
uncertainty of OSCAR was assessed both in forward motion and
during a constant radius turn using the experimental setup detailed
in Sec. 3.1. The markers on the front and back plates were localized
using the overhead cameras and reference angles were input using
OSCAR'’s actuator control algorithm.

3.2.1 Forward Motion. The effect of the motion uncertainty
mitigation on the forward motion has been assessed from the
robot displacement data collected for angular inputs ¢;= >,
shown in Table 2. The displacement data are averaged over 12 loco-
motion cycles. As presented in Table 2, after the feet re-design
alone, the displacement becomes 89% of the ideal displacement pre-
dicted by a kinematic model.”> However, due to the remaining
uncertainties, the standard deviation for the x and y displacements
is significant, and the mean value for the y displacement is nonzero.

The average displacement per locomotion cycle becomes more
consistent after implementing the new assembly process and
adding the deadband compensation in the low-level controller.
Finally, after changing the low-level controller’s input from step
references to ramp references, the error between the measured
and model-predicted displacement falls below 4.2%, and the
mean y displacement approaches zero. While changing the low-
level controller’s reference to a ramp seems to have an insignificant
effect during forward motion, this change affects turning
significantly.

3.2.2 Turning. The motion uncertainties during turning have
been assessed by evaluating the OSCAR displacement data for
the range of the static angular inputs within its achievable work-
space.” The reference angles are defined through their angular
ratio, such that ¢,/@, €[l/7, 7], where 7=1.6 based on the
robot’s construction. The maximum angular input to the origami
tower is ¢, = 180deg. Here, ratios 1/7 and 7 correspond to the
maximum right and left turns, respectively. Reference angle ratios
close to 1, 1/2, and 1/4 of 7 are used in Fig. 10.

For the best robot performance, the towers should expand uni-
formly during locomotion and symmetrically during turning.
Even after the assembly procedure revisions and feet design
improvements, initial experiments revealed large asymmetry
between the left and right turns. Two modifications were made to
the hardware and low-level position controllers to achieve
uniform and symmetric expansion.

OSCAR’s origami towers are of opposite chirality, and thus, the
servos need to rotate in the opposite direction during the robot
expansion. However, as stated earlier, the servos have deadbands.
If the two servo deadbands are misaligned, the towers expand non-

2hllps://youtu.be/OWISYgtUdmk
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Table 2 Forward displacement assessment

Design iteration [601 (ﬂZ]T (deg) Xmean (mm) Std dev. (mm) Ymean (mm) Std deV~ (mm) xmearl/xkin.mod. (%)
After feet re-design [150 150] 28 7.8 —4 1.75 89
After feet re-design, assembly change, and [144 144] 27.7 1.74 -1.3 0.74 93
deadband compensation at the low-level control
After feet re-design, assembly change, deadband [144 144] 28.5 1.79 -1 0.51 95.8
compensation, and ramp input at the low-level
control
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Fig. 10 Robot displacement for the range of static inputs (in deg): (a) step angular input and (b) ramp angular input

uniformly. This misalignment results in a significantly biased
turning displacement, where the robot “pulls” to one side of the cen-
terline (solid lines in Fig. 10(a)). The displacement becomes more
symmetric with respect to the horizontal axis when the deadbands
are manually aligned to be symmetric in the left and right directions.
The deadbands are compensated with the approach given in Egs. (2)
and (3), which results in more symmetric turning, as indicated by
the dotted lines in Fig. 10(a).

Smoother and more constant expansion speed in the robot can be
further achieved by providing a ramp reference angle instead of a
step command to the low-level servo position controller. The best
ramp slope (i.e., desired tower expansion/contraction speed) was
empirically determined to be 5.9 rad/s for OSCAR’s current
design but could change with different robot designs. Figures
10(a) and 10(b) show the data comparison for the step and ramp

e Path
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Yk ‘ul v,,
(/ l
A /4
Fig. 11 Lateral error in the feedback control
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Fig. 12 Straight-line following with initial offset: (a) combined
experimental results. The final robot orientation and y-coordinate
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ment 2, (b) and (c) Trajectory repeatability for three trials in set-
tings of experiment 1 and experiment 2, respectively
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reference inputs in the low-level servo position controllers, respec-
tively. With step references, the servo inputs saturate due to large
errors. Since the two tower-actuating servos rotate in opposite direc-
tions, even small misalignments of the servo deadbands cause dif-
ferences in servo speeds at saturation, which results in a
significant displacement bias. On the other hand, with ramped
angular references, this is not an issue as the robot’s servos track
both position and speed. Manually compensating the deadband
and using a ramp reference input result in a more symmetric
robot displacement (Fig. 10(b)), demonstrating the mitigated
motion uncertainties.

4 Case Studies

This section demonstrates OSCAR performance by investigating
two case studies: autonomous navigation in a 2D environment with
static obstacles and coupled locomotion of two OSCAR segments.

4.1 Case Study [—Navigation in the Presence of Obstacles

4.1.1 Methods. This case study investigates OSCAR’s
navigation in a 2D environment with and without obstacles. The
navigation consists of path planning using the well-known hybrid
A* algorithm and path following using a proportional feedback con-
troller. As stated earlier, OSCAR motion is discrete or defined in
terms of locomotion cycles.

(a) Path planner

As shown in Fig. 10(b), OSCAR’s lateral and forward motions
are coupled by a nonholonomic constraint, and it has a limited
range of motions defined by ¢, /¢, € [1/7, 7]. Hybrid A* accom-
modates these constraints. It is a graph search method designed for
rigid-body robots with nonholonomic constraints, e.g., cars [32].
The planner plans a path by growing a search tree through the
recursive application of a finite set of motion primitives until
reaching the desired goal state. The set of motion primitives is
constructed by discretization of the robot’s achievable workspace.
As a result, it outputs a feasible path from the given start state
to the desired goal state. Details about Hybrid A* path planning
are given in Refs. [32-34]. Variation of this planner, called a bidir-
ectional A*, was previously applied to a soft snake robot in
Ref. [35].

The reference path is planned using MATLAB’s Navigation
Toolbox with constraints on robot turning radius IRl <Ry,
where R,.x =467.6mm, and total forward displacement, ds=30
mm for a single locomotion cycle. Here, IRl < R, is the same as
@,/¢; €[1/7, 7]. During planning, the robot is considered as a
point. Thus, an additional clearance space around obstacles of
size df=65 mm, accounting for its lateral dimensions, is used for
obstacle avoidance. A band with a radius of the clearance size is
added to the actual obstacle during planning.

(b) Path following controller

The path following control has control inputs in the longitudinal
and lateral directions that are coupled to determine the robot’s
angular inputs. The path following controller was first presented
in Ref. [25]. The x-axis of the local coordinate frame, shown in
Fig. 11, corresponds to the longitudinal direction, and the y-axis
corresponds to the lateral direction. This controller is similar to
the path following control problem in rigid-bodied robots [36],
such as cars. They have a longitudinal controller to regulate
forward speed and a lateral controller to minimize the normal
error to the path and control the steering angle.

Assuming OSCAR moves with a constant speed, its longitudinal
control input is constant and can be expressed as follows:

Uy k = PUx,max “4)

where p=0.8, and u, max is the maximum longitudinal control
input, which corresponds to the origami tower’s maximum
angular input (Uymax = @Ppax = 180deg ). The subscript k denotes
the index of the current locomotion cycle.

021015-8 / Vol. 15, APRIL 2023

The lateral control input is a simple proportional controller for
this proof of concept:

Uy = Kpeyx ©)

where K}, is a proportional gain and e, ; is the lateral error normal to
the path, as shown in Fig. 11. The error e, is defined between the
reference path and the point in a preview distance, D, from the
current position, p;. The preview distance, D, is a user-defined
parameter tuned for the controller stability. For this case study,
the feedback controller gains were determined empirically to be
K,=0.7 and D =250 mm.

The longitudinal and lateral control inputs are coupled with the
angular inputs [¢;, )" as follows:

(§01 + ¢2)k/2 = Uxik

(6)
(901 - (/’2)k/2 = Uyk

The average of the angular inputs corresponds to forward motion
and is denoted by the longitudinal control input u, , and their aver-
aged difference corresponds to the robot’s turning and is denoted by
the lateral control input u,;. Then, [gal , ¢ ]T from (6) can be
expressed in terms of the control inputs as follows:

Bﬂf“ TMQL )

The angular inputs are subjected to the following total angular
input and turning ratio constraints

Oiwiiwmax’ i=1’2 (8)

S o=

<5 )
(4]

By using (7), the constraint (9) can be expressed as the lateral
control input bound

r—1

10)

|My,k| =< Uy k F+ 1

4.1.2  Results. In this case study, the simulation results are
obtained using the robot’s kinematic model, previously presented
as a segmented kinematic model in Ref. [25] and validated for
OSCAR in the Appendix. The experimental results are obtained
using the setup detailed in Sec. 3.

(a) Straight-line path following with an initial offset: This case
study starts by setting the reference path to a straight line, and the
robot is at an initial offset. This study demonstrates OSCAR’s
ability to converge to a path despite an initial offset using the
simple proportional feedback controller from Sec. 4.1.1.

The reference path is a horizontal line at y =0 mm, and the initial
OSCAR state is po=[x y, 0]'=[0, —60, z/6]".
Figure 12 presents the experimental and simulation results for the
straight-line path following. The experimental response is a combi-
nation of two experiments. Due to the limited testbed workspace
(Fig. 9), two experiments were performed sequentially, each span-
ning an x-displacement of 600 mm, which is the workspace limit.
The final state of the first experiment, i.e., y-coordinate and orienta-
tion, is used as an initial state for the second experiment to achieve
the overall response shown in Fig. 12(a).?

As shown in Fig. 12(a), OSCAR successfully converges to and
follows the path. Its trajectory in the experiment has a slightly
larger overshoot than in the simulation, but the lateral steady-state
error in the y-direction stays within the measurement error of the
predicted trajectory. The differences in experiment and simulation
can be attributed to the simplicity of the kinematic model, which
does not account for losses due to friction or additional model error.

3See Note 2.
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respectively

Part 1 and 2 experiments have been conducted three times to
verify the repeatability of the results (Figs. 12(b) and 12(c)). The
experimental results are repeatable due to the minimization of
OSCAR’s motion uncertainties.

(b) Navigation in the presence of static obstacles: This portion
of the first case study demonstrates OSCAR’s ability to navi-
gate in the presence of static obstacles. OSCAR’s initial and goal
states are po=[10, 200, 0]  and p,=[1200, 5, 0],
respectively. The static obstacles have a circular shape with their
radius and position specified in Table 3.

The planned path and combined navigation results are shown in
Fig. 13(a). The reference path (solid line) has an s-shape with the
robot having O rad orientation at its initial and goal states
(solid line boxes). The obstacles are displayed as solid-color
circles. Again, two consecutive experiments have been conducted
for the complete robot trajectory to overcome the testbed size con-
straints. The robot initial and final states in part 1 and part 2 exper-
iments are shown as dashed line boxes. It can be noted that the
robot’s actual orientation matches the desired orientation in the
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Table 3 Obstacle location and radius

Obstacle x (mm) y (mm) R (mm)
Obstacle 1 150 70 20
Obstacle 2 550 150 20

reference path (dashed line boxes). The shaded area shows the robot
motion, represented as the motion of the front plate.

Figure 13 shows that OSCAR successfully navigates the environ-
ment avoiding both obstacles. Moreover, the experimental path
agrees with the reference path and aligns well with the simulation.
Parts 1 and 2 of the experiments were conducted four times to
confirm OSCAR’s repeatable performance and confirm the efficacy
of the design modification in reducing the motion uncertainties
(Figs. 13(b) and 13(c)). The variation between the experimental
trials is minimal and shows the repeatability of OSCAR’s perfor-
mance and ability in navigating a path repeatably and in the pres-
ence of obstacles.

4.2 Case Study II—Coupled Locomotion of Two
OSCARs. The second case study investigates the coupled locomo-
tion of two OSCAR segments to evaluate the feasibility of assem-
bling multiple segments into a modular robot.* The coupled
locomotion is tested during straight-line motion, where the
angular inputs for each locomotion cycle are expressed as:

[(pl, ®) ]Tz[ 170deg, 170 deg]T. The locomotion gait is shown
in Fig. 14(a). Starting from two segments being fully contracted,
segment one expands. Following that, segment one contracts,
while segment two expands. Then the states alternate with
segment one expanding, while segment two contracting. The last
two steps are repeated during the robot locomotion. Figure 14(b)
shows the video frames of the top view of two coupled OSCAR seg-
ments during locomotion, starting from the expansion of segment
one and the contraction of segment two. Segment one contraction
and segment two expansion, or vice versa, occur simultaneously
to account for the anisotropic foot friction of the two connected
middle plates.

The displacement time history starting from #=35 s is presented in
Fig. 15. The data in the time history plot correspond to the centroids
of the front plate of segment one and the back plate of segments one
and two. The shaded areas correspond to actuation periods during
each locomotion state: I—the expansion of segment one and con-
traction of segment two, and II—the contraction of segment one
and the expansion of segment two. The flat areas in the plot corre-
spond to wait times for the next actuation input, which is introduced
for stability. During state I actuation, both front and back plates of
segments one and two move forward, while the connected middle
plates stay still. More specifically, during segment one expansion,
its front plate moves forward due to low feet friction, and its back
plate remains fixed due to high feet friction (see Fig. 3). Similarly,
during state II actuation, the contraction of segment one, its front
plate feet stay still due to high feet friction, and its back plate
moves forward due to low feet friction. Hence, during state I, the
robot’s middle-connected plates stay still, while front plates of
segment one and back plate of segment two move forward. Then,
during state II, the connected plates in the middle move forward,
caused by both contraction of segment one and the expansion of
segment two. This gait is similar to the multisegment earthworm
robot gait described in Refs. [7,37].

The locomotion cycles in Figs. 14(b) and 15 show repeatable
locomotion cycles for both OSCAR segments and confirm the effi-
cacy of the docking mechanism, feet design, and low-level servo
input controller.

“See Note 2.
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repeat recursively during locomotion, as shown for the first
two locomotion cycles

5 Conclusion

This study presents a comprehensive study on the design and
experimental evaluation of a novel origami-enabled modular crawl-
ing robot, OSCAR. OSCAR’s current design focuses on mitigating
motion uncertainties, which is a significant challenge for soft robots
interacting with the terrain. For OSCAR, the uncertainties are attrib-
uted to the three primary sources, namely, the feet design, their
interaction with the ground, and actuator uncertainties. As a
result, the feet are extensively re-designed, the assembly process
was made more repeatable through a fabrication fixture system,
and the feedback servo position control was implemented and
greatly improved to reduce actuator uncertainty. These design mod-
ifications reduced motion uncertainties significantly such that the
current OSCAR design has a robust and repeatable performance
that can achieve up to 96% of its ideal, analytically predicted loco-
motion cycle.

OSCAR’s performance is validated using two case studies: naviga-
tion in the 2D environment with static obstacles and coupled two-
segment locomotion. The first case study highlights the effects of mit-
igated uncertainties. As shown, using a simple proportional feedback
path following controller, OSCAR can accurately navigate an environ-
ment and avoid obstacles. Moreover, it can successfully converge to
the desired path when started at an offset. In addition, all the results
have high repeatability, as demonstrated by several experimental
trials. In the second case study, two coupled OSCAR segments can
navigate in a straight line using simple actuation inputs. Alternation
of the simultaneous expansion of one segment and contraction of
the other segment enables locomotion. The second case study vali-
dates the feasibility of connecting multiple OSCAR segments to
enable a modular robot design. Unlike existing soft robots, OSCAR
can disconnect the segments when needed. The repeatable and
modular OSCAR design and performance presented in this study
expand the operational envelope for origami-enabled robots and
allow for their deployment in various applications.

Acknowledgment

The authors acknowledge Daniel Block for the helpful discus-
sions and constructive suggestions.

Conflict of Interest

There are no conflicts of interest.

Transactions of the ASME

17086689/ 10120/2/5 | /4pd-B[0ILE/SON0OISWSIUBYODW/B.I0 B WSE  UO[0a||00[e}BipaLIsEy/:d)y Lo} papeojumoq

¢ GL Jw

€202 JaquianoN €0 Uo Jasn AjisiaAiun uoyeoulld Aq 3pd-GL0LZ0



Data Availability Statement

The datasets generated and supporting the findings of this
article are obtainable from the corresponding author upon reason-
able request. The data and information that support the findings
of this article are freely available at: bamlab.mechse.illinois.edu
The authors attest that all data for this study are included in

the paper. Data provided by a third party listed in
Acknowledgment.
Nomenclature

k = subscript denoting the locomotion cycle index

D = preview distance, mm

R = robot turning radius, mm

7 = maximum angular input ratio, @,/@,

lateral error, mm

pir = robot state defined at its front plate, p = [x, v, H]T
u, = longitudinal control input

u, = lateral control input

K'p = proportional gain

K; = integral gain

¢@; = angular input to the left origami tower, deg or rad
@, = angular input to the left origami tower, deg or rad

0
<
Il

Appendix: Kinematic Model Validation

Kinematic Model. The kinematic model, schematically pre-
sented in Fig. 16, describes OSCAR’s motion for a single
locomotion cycle k. It was previously presented in Refs. [25,38]
(see a segmented kinematic model) and [27]. Its equations are
Egs. (7)—(15) as presented in Ref. [25].

As shown in Fig. 16, the model finds the robot state p.; =
[x, 3. 9];1 for given angular inputs [ ¢, fﬂz],{ to the origami

towers by solving a vector loop. The current state p, is known.
This vector loop considers origami cells’ expansions, where
vectors Ry, ..., Rg correspond to two consecutive origami cells.
Their lengths vary as functions of angular input to the correspond-
ing tower, f(¢;), i=1, 2. Vectors R; and Rg at the front and back
plates have equal length, which corresponds to the fixed distance
between the towers.

The model has two assumptions: ideal foot friction and equal
angular distribution between cells within a single origami tower.
The robot’s motion is represented in Fig. 16. Due to no friction
losses, the robot’s front plate at its expanded state corresponds to
the pi state after the locomotion cycle. Because angular input to
the tower is evenly distributed among its cells, the vectors within
a single tower, i.e., Ry, ..., Rz or Ry, ..., R¢ are of equal length.

Fig. 16 OSCAR kinematic model schematic. It represents a
vector loop defined by the origami towers at the expanded state.
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Fig. 17 Comparison of the validated kinematic model (gray
dashed lines) and the experimental data for the same angular
inputs

Moreover, angles between two vectors within the same tower are
equal.

Validation. The model is validated by comparing the model pre-
dictions and experimental data in Fig. 10(b). The validation
accounts for the friction losses in the actual feet during locomotion,
which is unavoidable even with the optimized foot design. It affects
the robot’s orientation increment, which is smaller than predicted.

During validation, for the same angular inputs [zpl, @) ]T as in

the experiments, the model outputs [dx, dy, dﬂ] =Ppr+1 — Pr Were
compared with experimental data. For clarity, it should be noted
that each experimental trajectory in Fig. 10(b) covers at least ten
locomotion cycles. Based on the comparison, the following correc-
tion was introduced to the model outputs

df=ydo (AD)

- 2, a0 dj’_
dx (dx+d7) +dy?*cos > dl

do (A2
dy =/ (dx+ d7)2+dyzsin >

where y is empirical efficiency factor for the orientation increment,
y =0.15. Here, dl is the length of the origami towers at the robot’s
fully contracted state. From the assembly guide, d/=41 mm is
applied in all kinematic model equations.

In this correction, Eq. (A1) corrects the orientation increment for
OSCAR data and Eq. (A2) adjusts the predicted position based on
this change. Based on the empirically derived correction factor, it
can be seen that the actual robot changes orientation by 15% of
the idealized model prediction. The validated model response
(gray dashed lines) is compared with the experimental data in
Fig. 17. As can be seen, the validated model predicts OSCAR
motion with a high level of accuracy across multiple locomotion
cycles.
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