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ANIMAL LOCOMOTION

Lateral flexion of a compliant spine improves motor
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A flexible spine is critical to the motion capability of most animals and plays a pivotal role in their agility. Although
state-of-the-art legged robots have already achieved very dynamic and agile movement solely relying on their
legs, they still exhibit the type of stiff movement that compromises movement efficiency. The integration of a flex-
ible spine thus appears to be a promising approach to improve their agility, especially for small and underactu-
ated quadruped robots that are underpowered because of size limitations. Here, we show that the lateral flexion
of a compliant spine can promote both walking speed and maneuver agility for a neurorobotic mouse (NeRmo).
We present NeRmo as a biomimetic robotic mouse that mimics the morphology of biological mice and their
muscle-tendon actuation system. First, by leveraging the lateral flexion of the compliant spine, NeRmo can great-
ly increase its static stability in an initially unstable configuration by adjusting its posture. Second, the lateral
flexion of the spine can also effectively extend the stride length of a gait and therefore improve the walking
speeds of NeRmo. Finally, NeRmo shows agile maneuvers that require both a small turning radius and fast walking
speed with the help of the spine. These results advance our understanding of spine-based quadruped locomotion

skills and highlight promising design concepts to develop more agile legged robots.

INTRODUCTION

The spine is an essential structural element of the musculoskeletal sys-
tem of every quadruped animal, bearing at any time a combination of
compressive, tensile, bending, flexional, and torsional loads imparted
by the tendino-ligamentous system. It thereby plays a crucial role in
generating many agile motion behaviors (I, 2). Although the motion
space between two adjacent vertebrae is rather limited, the stacking of
many vertebrae together in the spine provides the latter with flexibility
and renders it capable of performing a wide range of motions, such as
flexion, extension, and rotation (3). Among many motor functions pro-
vided by the spine, animals mostly use it to adjust the body posture or
perform highly dynamic motions. For example, a mouse can squeeze
into tiny holes, as small as its skull, by flattening its body via the exten-
sion of the spine and collapsing the ribs to the center of the body (4).
Cats can jump and run agilely by performing extreme flexion and ex-
tension of the spine (5). More commonly, legged animals rely highly on
the spine to perform turning motions (6). Therefore, a flexible spine
system replicating its biological counterpart’s features has great poten-
tial to push the physical performance limit of legged robots.

Although a variety of excellent legged robots have been devel-
oped in the past decade, such as the Boston Dynamic Spot (7), the
MIT Cheetah (8), and the ETH ANYmal (9), they mainly concen-
trate on leg-based motor skills that lead to stable walking perfor-
mances on diverse terrains, such as stairs, tunnels, or wild lands
(10, 11). Because of their powerful actuation systems, they can al-
ready perform limited dynamic behaviors relying only on their
legs. However, using a functional spine will further improve motion
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capabilities, especially for small quadruped robots that are under-
powered because of size limitations. There have been few detailed
investigations of legged robots equipped with flexible spines, except
for a few examples exploring the functionalities of the spine in simu-
lation (12-16) or implementing rather simplified spine systems with
one or two revolute joints (13, 17, 18). Boston Dynamics’ Cheetah
robot has one actuated joint that mimics the spine’s flexion in the
sagittal plane. This design boosts the robot’s speed up to 28.3 miles
per hour (19). The Bobcat robot developed by EPFL has a central
revolute joint acting as the spine that connects the front and rear
body of the robot (13, 20-22). The Waseda rat robot and its succes-
sors use a single direct-drive motor that replicates a flexible spine to
mimic the turning behavior of rodents (23-26). However, the basis
of the Waseda rat robot is a series of connected wheels, which works
more like a train instead of imitating quadruped locomotion. The
Kitty robot showcased a variety of spine-driven behaviors because
of its flexible spine (27). However, the study of synchronized move-
ment between the spine and limbs is not possible because of the lack
of leg actuation. The Gecko robot, inspired by reptilian quadrupeds,
has a flexible spine with a single direct-drive joint allowing fron-
tal plane flexion (28). Despite its structural simplicity, the robot
achieves faster locomotion with an extended stride length for sym-
metric gaits. Additionally, the gecko-inspired robot Slalom uses a
flexible spine to execute energy-efficient climbing on inclined sur-
faces (29). The Salamander robot, based on experiments with real
salamanders, features a spinal cord model that generates complex
patterns of activity for movements like walking and swimming (30-32).
With this model, researchers generated rhythmic movements for
the robot to switch between gaits. Beyond systems implementing
motor actuation of the spine, other quadruped robots that leverage
elastic materials or pneumatic actuation systems for controlling the
spine have also been reported (33-37), but these mechanisms are
either too complex or not practically applicable for real-world tasks.

It is challenging to develop a flexible, compact, and functional
spine for small and underactuated quadruped robots for several
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reasons. First, developing such a flexible spine is structurally com-
plex, requiring innovative design ideas to integrate it and yet still
keep the system compact. Second, because of the complex deforma-
tion of a flexible spine, it is difficult to model the kinematics or con-
trol its flexion effectively. Third, dedicated motion patterns have to be
designed to effectively use the spine to coordinate the legs and spine
together to achieve agile motion skills. Leveraging our recent re-
search exploring the design concepts (38), we present NeRmo, a bio-
mimetic mouse robot that harnesses a flexible spine for agile motion
skills. As an underactuated quadruped robot, NeRmo aims to mimic
the structural and functional principles of the mouse and therefore
the features of its flexible spine, musculoskeletal actuation systems,
and fully functional body. We show the enhanced motion skills
brought by the lateral flexion of the spine, namely, static balancing,
fast walking, and agile turning. We present the kinematic modeling
of NeRmo and the control method of the spine-based functionalities.
By leveraging the design and control of its lateral spine-based quad-
ruped locomotion, NeRmo successfully demonstrates agile and fast
locomotion gaits, a feature often seen in quadruped animals in na-
ture but not fully integrated by modern legged robots.

RESULTS

A biological mouse uses the lateral flexion of the spine to turn around
agilely and walk faster (Fig. 1A). Inspired by the biological mouse,
this section presents the mouse robot NeRmo and how it takes inspi-
ration from the functional and structural features of the spine
(Fig. 1B) and therefore leverages the lateral flexion of its complex
spine to perform faster and more agile locomotion gaits (Fig. 1C).

Robot system overview
NeRmo is a miniature quadruped robot that mimics common ro-
dents’ musculoskeletal anatomy, visual appearance, and motion

A

No flexion Right flexion Left flexion

patterns (Fig. 1D). The overview of its mechanical design and actua-
tion system is illustrated in Figs. 1D and 2A. NeRmo is unique for
several reasons. First, NeRmo has a fully compliant spine that can
perform smooth flexion in both the lateral and sagittal planes
(Fig. 2B). Second, NeRmo has compliant knee and elbow joints
driven by tendons (Fig. 2, C and D). Third, NeRmo’s motor-tendon
actuation system mimics the musculoskeletal feature of quadruped
animals. The primary physical characteristics and specifications of
NeRmo are listed in table S8.

Mechanical design

NeRmo is designed to be lightweight, compliant, and modular and
to have a flexible skeleton to connect all the body components to-
gether (Fig. 2A). Similar to biological rodents, the main load-
bearing elements of NeRmo are the following.

NeRmo’s spine greatly resembles the structural and functional
features of a biological spinal column, which can perform both lat-
eral and sagittal flexion (Fig. 2B). These two types of bending defor-
mations are supported by four joints each, which are stacked in an
alternating order to imitate the ball-and-socket joint of a biological
spine. This results in an eight-joint design that is highly flexible and
provides solid structural support to bear the weight. This feature
also makes NeRmo distinctive among other quadruped robots that
have spines composed of simple revolute joints. Instead of using
muscles, NeRmo’s spine is driven by a tendon-pulley system. Two
lateral flexion tendons go through the side holes of each vertebra,
connecting to the lateral flexion servo at the one end and fixed by an
M1 screw at the other end (Fig. 2A). Therefore, similar to the effect
of muscle contraction, the rotation of the servo can pull the tendon
and then bend the spine laterally to the left or right. In the same way,
the sagittal flexion servo pulls a single flexion tendon to stretch the
spine vertically. More details about the mechanical properties of the
spine can be found in the Supplementary Materials. Note that our

D

Fig. 1. Snapshots of biological mouse motions and the neurorobotic mouse NeRmo. (A) Walking motion of a biological mouse (image courtesy of M. S. Fischer, Insti-
tute of Zoology and Evolutionary Research, Friedrich Schiller University Jena). (B) NeRmo uses the lateral flexion of the spine for walking in the simulation. (C) Lateral

flexion pattern of NeRmo's spine. (D) NeRmo and its CAD model.
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Fig. 2. Structural overview of NeRmo. (A) lllustration of servos and tendons used to actuate the flexion of the spine and legs. (B) Visualization of the flexion of the spine
and the structure of the vertebrae. The wireframe shape depicts the spine’s initial configuration before flexion. (C and D) Visualization of the legs. The wireframe shape
shows the initial position of the leg under no tendon compression. Because of the compliance of the material and its mechanical design, the rotation center is aligned

with the elbow/knee joint.

work only uses lateral spine flexion to enhance movement; the sagit-
tal flexion is kept fixed, and the tail remains unactuated in all ex-
periments. A discussion about the difference between using a rigid
spine versus a fixed compliant spine is given in the Supplementary
Materials.

By mimicking the musculoskeletal structure of the rodent’s leg,
we abstract a three-bar linkage mechanism as NeRmo's foreleg
(Fig. 2C) and rear leg (Fig. 2D). The movement of the linkage mech-
anism closely resembles the motion patterns of rodents’ legs with a
full cycle of backward, lifting, and forward processes. Both the fore-
leg and rear leg have a compliant elbow or knee joint and a pseudo-
compliant ankle joint. There are several attachment holes to fix the
tendon to vary the torque applied to the compliant elbow or
knee joint.

Electrical design and software architecture

NeRmo is actuated with 13 Power HD-DSM44 microservos
(Fig. 2A). Two servos control the head movement, and one controls
a fully compliant tail (similar to the spine). Two servos are used to
control the movement of the spine in the dorsal and sagittal planes.
Furthermore, each leg also has two servos to control the movement
of the shoulder/hip and elbow/knee joints. The onboard computing
platform for NeRmo is the Raspberry Pi Zero, which runs the re-
quired computations locally, including communication, informa-
tion processing, and executing motion commands. A modular
software architecture built with Robot Operating System (ROS) was
implemented to enable a flexible transition between running the
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controller in simulation and the real world (fig. S14). High-level
computations were carried out on a central computer, which also
executed the simulation. The control commands were sent to NeR-
mo via the ROS TCP/IP communication backend. A wireless net-
work enabled the communication between NeRmo and the central
computer. Therefore, the modular software architecture lets us con-
trol both the simulation and the physical version of NeRmo with the
same controller.

Demonstration of locomotion skills

We present four experiments to demonstrate the enhanced locomo-
tion skills, namely, static balancing, straight-line walking, agile turn-
ing, and maze navigating. Additional details about the experimental
setups are given in the Supplementary Materials.

Static balancing

The static balance of the spine is a physiological alignment of the
body posture in the most efficient manner by the muscular forces
for mammals. Hence, many disabled quadruped animals can still
stand or walk even with three limbs (fig. S15). In the static balancing
task, we demonstrated that the spine balance compensation (SBC)
function can ensure the static stability of the robot in initially un-
stable configurations by adjusting the position of its center of mass
(CoM) via lateral spine flexion (movies S1 and S2). The test proce-
dures were as follows. First, NeRmo was positioned in a neutral
four-foot static contact configuration (Fig. 3A, i) where the leg toes
were placed directly under the shoulder or hip. Then, each leg was
lifted individually, leading NeRmo into a three-foot static contact
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configuration. The lifted leg was controlled to swing in the full mo-
tion range of the shoulder or hip joint, with SBC enabled or dis-
abled. NeRmo's standing position and CoM location are depicted in
fig. S3. Note that the foreleg lifting was technically an initially stable
configuration, because the CoM marginally lay within the support-
ing triangle formed by the standing legs. Conversely, the rear leg
lifting was an initially unstable configuration. The goal was to exam-
ine NeRmo's ability to maintain balance and prevent falling over.

In the simulation, NeRmo successfully passed the foreleg lifting
tests with or without SBC, because the projection of its CoM still lay
in the stability triangle formed by the other three legs. However, lift-
ing the rear left leg without SBC made NeRmo roll over to its left
side until it touched the ground (Fig. 3A, ii). In contrast, NeRmo
could remained standing when the SBC was switched on (Fig. 3A, iii
and iv). NeRmo failed the foreleg balancing tests (with SBC dis-
abled) in the real world, because the legs were more compliant than
those in the simulation (Fig. 3B, i). The additional compliance led to
more foreleg compression, which shifted the CoM outside the sta-
bility triangle, causing NeRmo to fall over. However, NeRmo was
still able to keep balance with SBC enabled in this more challenging
configuration (Fig. 3B, ii). To quantitatively examine the behavior,
we examined the pitch and roll angle of NeRmo in the real world. As
shown in Fig. 3C, even when the robot was able to maintain balance,
the SBC still reduced the forward pitch by 50% and the roll angle by
50% when lifting up the foreleg. In the rear leg balance test, the SBC
reduced the pitch deviation by 73% and roll deviation by 80%
(Fig. 3D) and successfully prevented the robot from falling over.
Straight-line walking
In the straight-line walking task, we demonstrated that the walking
speed could be increased by using the lateral flexion of the spine
(movies S3 to S8). The experimental setups are shown in Fig. 4A. The
distance between the starting point and the end was 2.0 m in the

N

Pitch angle [deg]

Roll angle [deg]

SBC off

SBC on SBC off SBCon

simulation and 1.5 m in the real world. To show the general effec-
tiveness of the spine in improving the velocity, we performed the
experiments by varying a group of parameters, namely, gait type,
frequency, spine actuation, and normalized stride length (table S9).
Three types of gaits were tested: the ideal trot, the walking trot, and
the lateral sequence walk (39). The gait patterns are visualized in
fig. S16. According to (39), the ideal trot gait had a standing and
swing phase of 50% each in one cycle. In the walking trot, the stand-
ing phase was approximately 60%, whereas the swing phase was
40%. Another common gait for mice is lateral sequence walking,
where all four limbs move in a lateral sequence. The normalized
stride length is defined as I, = ly/lg, max, Where I is the stride length
of the current gait pattern and Iy m,y is the maximum stride length.

The experiment results depicted in Fig. 4 (B to E) show that the
spine-based gaits outperformed normal gaits in terms of velocity.
Figure 4C shows the walking speeds under different gait frequencies
obtained from the real world (movie S3). Six configurations of gaits
were tested, including the ideal trot with or without the spine (“trt,s”
or “trt,ns”), walking trot with or without the spine (“walk,s” or
“walk,ns”), and the lateral walking gait with or without the spine
(“lat,s” or “lat,ns”). Depending on the gait frequency, the speed in-
crement ranged between 8% (for a 0.5-Hz lateral sequence walk)
and 17% (for a 0.8-Hz ideal trot) in the real world. An intuitive visu-
alization of the stride length increase is shown in Fig. 4B. We ob-
served that the stride length of the spine-based gait was greater than
the standard gait. We also observed that the swing leg trajectory
of the spine-based gait had a characteristic curve shape compared
with the linear trajectory of the standard gait, which was caused by
the spine flexion. For the ideal trot gait at 0.8 Hz, the real-world re-
sults in Fig. 4D show that the gait speed increases with the stride
length, and the spine flexion was effective in increasing the speed
constantly. The real-world results validated the outcomes and trends
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Fig. 3. Experimental results of the static balancing task. (A) Static balance test of lifting the left rear leg in the simulation. The blue ellipses qualitatively depict the
contact feet and forces (larger ellipse for greater contact force). The triangle depicts the projection of the CoM onto the ground. (i) Four-foot contact configuration without
SBC. (ii) Static three-foot contact configuration without SBC (test failed, and NeRmo tilted to its left side until the left rear foot touched the ground). (iii) Static four-foot
contact with SBC. (iv) Static three-foot contact with SBC (test passed). (B) (i) Lifting the left foreleg in the real world. (ii) Lifting the left rear leg in the real world. In both
cases, NeRmo fell over without SBC and kept its balance with SBC enabled. (C and D) Pitch and roll orientation when lifting legs in the real world. The solid line represents
the average of five runs, and the shaded area indicates the variance. The vertical dashed line indicates the time of leg lifting. The balance failure happened when the pitch

angle reached the maximum value.
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Fig. 4. Experimental results of the straight-line walking task. (A) Testing setup in the simulator and the real world. (B) Visualization of the foot placements for an ideal
trot across a gait cycle (upper row) and a spine-extended ideal trot (lower row). Solid circles indicate foot placements in the stance phase, hollow circles indicate foot
placements in the swing phase, and arrows indicate leg trajectory in the swing phase. (C) Real-world results show that the speed is dependent on gait frequency, gait type,
and spine actuation. The gait types include lateral sequence walk (lat), walking trot (walk), and ideal trot (trt). The label “ns” denotes the setting without the spine-based
stride extension, and “s” denotes the setting with spine-based stride extension. (D) Real-world results show that the speed is dependent on the normalized stride length
for an ideal trot at 0.8 Hz. (E) Comparison of straight-line speeds between gaits in the simulation (dashed lines) and real-world experiments (solid lines are averaged values
of five trials, and shadow areas show the variance). (F) Speeds of ideal trot gaits generated from the grid search algorithm (blue points, no spine; red points, with spine)

and the Bayesian optimization algorithm (blue triangle, no spine; yellow triangle, with spine). Green lines show the improvement between comparison pairs.

of the simulation tests (Fig. 4E and movies S4 to S8). However, there
was a speed discrepancy between real-world and simulation results.
For example, the real-world speed was around 14% slower for the
ideal trot with spine extension at 0.8 Hz. A full comparison between
simulation and real-world results is given in fig. S17.

Furthermore, we demonstrated the applicability of the spine’s
speed improvement across different gait control methods in the sim-
ulation. We evaluated the effectiveness of two baseline controllers,
the grid search controller and the Bayesian optimization controller,
in searching for faster gaits. The grid search controller explored gait
parameters by searching a parameter grid at fixed intervals to find
the fastest gaits. We then used the Bayesian optimization algorithm
to search for optimized parameters within those grid intervals. This
approach has been used to optimize gait parameters in various ro-
bots, particularly legged robots (40-44). Implementation details of

Bing et al., Sci. Robot. 8, eadg7165 (2023) 6 December 2023

these two controllers are given in the Supplementary Materials. Fig-
ure 4F displays the simulation results of the ideal trot gait. Each scat-
ter represents one gait under a specific combination of parameters.
We can observe that the gait speed increased with the walking fre-
quency and the normalized stride length. The Bayesian optimization
controller was able to find speed-optimized gaits (triangle marker)
with or without the spine compared with the grid search controller
(solid points). More importantly, the spine improved the speed of
the gait for all parameter combinations in the grid search algorithm.
Figure S5 presents the results of the walking trot and lateral sequence
walk gait.

Agile turning

In the agile turning test, we demonstrated the enhanced turning ca-
pability introduced by the spine (movies S9 and S10). Figure 5A
shows the experimental setups, where the robot was directed to turn
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along two paths with specified radii. Table S10 lists the independent
variables, including gait type, frequency, turning radius, and turning
strategy. This study tested three turning strategies: the leg-based
turning, spine-based turning, and mix-based turning. The leg-based
turning strategy uses varying stride lengths on each side to steer the
robot’s movement, creating an asymmetric contact force distribu-
tion that produces a yaw moment around the CoM (fig. S9). Note
that the leg-based turning strategy discussed in this study is appli-
cable only to legs without abduction or adduction actuation. For
legs with such actuation, turning can be achieved by laterally posi-
tioning the legs, introducing a yaw movement directly (45). The
spine-based turning strategy uses lateral spine flexion to steer the
robot, similar to biological behavior (Fig. 5B). The mix-based

turning strategy combines both leg-based and spine-based strate-
gies to maneuver the robot.

The real-world results presented in Fig. 5C demonstrated that
spine-based lateral flexion turning (denoted by “sb”) was the fastest
across all gait frequencies and types regardless of the turning trajec-
tory, which achieved around 20% to 30% faster traversal speed than
leg-based turning. The mix-based turning (denoted by “mb”) strat-
egy also achieved faster speed than leg-based turning (denoted by
“Ib”) and was only slightly slower than the spine-based turning strat-
egy. For example, for the ideal trot and walking trot gait with a turn-
ing radius of 1.0 m at 0.8 Hz, the difference between the spine and
mix-based turning was negligible, at around 3%. Although the
spine-based turning increases the turning speed compared with
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Fig. 5. Experimental results of the turning task. (A) Testing setup in the simulator and the real world. (B) lllustration of the spine-based turning strategy. (i) The shoulder

and hip axes are parallel, with no turning radius induced by the spine. (i) Spine-bas
based turning (mb), leg-based turning (Ib), and spine-based (sb) turning. Real-wor|

ed lateral flexion turning with turning angle 0ym. (C) The turning strategies are mix-
Id turning speeds with different gaits and turning strategies across the 0.5-m- and

1.0-m-radius trajectory. Error bars represent SD from five trials. (D) Real-world minimum turning radii achieved by different gait types, frequencies, and turning strategies.
Error bars represent SD from five trials. (E) Simulation results of the minimum turning radius of ideal trot gaits generated from the grid search algorithm.
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other turning strategies, its minimum achievable turning radius was
limited by the flexion range of the spine. The lateral sequence walk-
ing (“lat”) failed to turn with a radius of 0.5 m at both 0.5 and 0.8 Hz.
Therefore, no histogram is provided in Fig. 5C to depict these re-
sults. The results also showed that the mix-based turning strategy
could compensate for the limited turning radius of the spine-based
strategy and still achieve a fast-walking speed.

As shown in Fig. 5D, the mix-based turning strategy achieved
the best minimum turning radius in the real world (0.14 m), which
was around 30% lower than the minimum turning radius achieved
by leg-based turning and 60% to 85% smaller than the spine-based
turning gaits. The simulation results are shown in fig. S18. There was
a roughly 10% to 20% difference in the results between the simula-
tion and real-world tests. It can be concluded that the trends from
the simulation for the turning behavior were transferable to the real
world but with a loss of expected performance.

Similar to the walking experiment, we also implemented the grid
search controller to search for turning-optimized gaits (see the Sup-
plementary Materials). Figure 5E illustrates the simulation results of
ideal trot gaits achieving the minimum turning radius for various
parameter combinations. Each scatter point represents a gait ob-
tained from the parameter space search. Gaits with equal stride
lengths for the left and right legs correspond to the spine-based
turning strategy, where the legs were not actively involved in the
turning process. Gaits labeled as “spine angle 0°” represent the leg-
based turning strategy, and the remaining gaits indicate a mixed-
based turning approach. Observing the results, we can see that the
lateral flexion of the spine consistently achieved a smaller turning
radius across all settings. Furthermore, a larger flexion angle of the

spine correlated with a smaller turning radius, and the minimum
turning radius tended to increase with the walking frequency of a
gait. Figures S6 and S7 present the full results of three types of gaits.
Maze navigating

To evaluate the gait performance that combines both straight-line
walking and turning motion, we conducted the maze navigating
task in a maze environment. The dimensions of the maze and the
simulation environment are visualized in Fig. 6 (A and B), and the
real-world maze setup shared the same dimension and is shown in
fig. S10. The robot was tested in two configurations, namely, with the
spine controller enabled and disabled. For the first configuration,
the robot was controlled to perform mix-based turning for the
curved path and spine-based walking for the straight-line path. For
the latter configuration, the robot was controlled to perform only
leg-based motion. As shown in Fig. 6A, the maze scenario required
the robot to perform a series of walking and turning to navigate
through the maze. To determine the path that NeRmo should fol-
low, a vision sensor was used to acquire visual data. Thereafter, a
high-level controller decided whether the robot should move for-
ward, turn right, or turn left to navigate and follow the desired path.
By implementing this approach, we could ensure that NeRmo trav-
eled the same distance in the maze, allowing for a fair comparison of
the travel time for different gait types.

The most profound influence of the spine functionalities on loco-
motion performance was observed in the maze scenario simulations
(see Table 1 and movie S11). With spine-based stride extension and
mix-based turning, the simulation completed the maze in 50.5% less
time and achieved a 105% faster average speed through the maze. In
the real-world tests (Fig. 6, C and D, and movie S12), the robot took

o BB

oy
oRe

desired trajectory

end point

™ start point

Fig. 6. Experimental results of the maze navigating task. (A) Sketch of the maze and (B) the simulation maze. The overall length of the desired maze was about 3.46 m.
(€) NeRmo navigated in the maze without spine-based functions. (D) NeRmo navigated in the maze with spine-based functions (turning and straight-line walking).
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30.6% less time to complete the maze when the spine was activated.
In summary, the simulation and real-world results confirmed the
performance increase of the spine-based functionalities demon-
strated in the straight-line and turning tests.

DISCUSSION

Motivated by studying the cognition and motion principles of mam-
mals, we developed the bioinspired robotic mouse NeRmo, which
mimics the major musculoskeletal features of mice that enable effi-
cient quadruped locomotion. The most important feature of NeRmo
is its compliant and flexible spine, with which it can perform several
spine-based motion skills.

NeRmo’s spine mimics the physical structure of a biological
spine, using nylon’s tensile strength and flexibility to bear its body
weight and maintaining extension and flexion. The spine has two
segments, with the front being rigid and responsible for housing all
the electronic devices. The back mimics vertebrae and becomes flex-
ible by stacking four lumbar and lateral flexion joints alternately,
with two tendons bending it for lateral flexion. Unlike NeRmo, most
quadruped robots acquire the flexion of a rigid spine via only one or
two simplified revolute joints that connect the front and rear body
parts. There are also some quadruped robots that achieve the flexi-
bility of the nonrigid spine via complex mechanisms or rubber ma-
terials, such as tensegrity (18), the spring-linkage mechanism (46),
and the elastic rod mechanism (47). NeRmo’s spine presents a flexi-
ble, compact, and simple design concept for robotic spines, with the
potential for future legged robots to use additive manufacturing for
developing complex yet flexible body parts.

We successfully demonstrated that a flexible spine could improve
the locomotion performance of small underactuated quadrupeds in
three areas: static stability, walking speed, and turning behavior. We
demonstrated that the spine improved the static stability of quadru-
peds without foot repositioning. With the SBC enabled, NeRmo re-
mained balanced in three-foot contact scenarios that were initially
statically unstable. This approach can increase the robustness of
quadruped robots in real-world applications and potentially enable
them to remain functional in the event of leg malfunction. We show
that the lateral flexion of a spine can enable faster walking speeds by
extending the effective stride length compared with leg-based walk-
ing. Therefore, spine-based stride extension provides an additional
method, beyond increasing the gait frequency, to further increase
the gait speed for quadruped robots. Another substantial advantage
of the flexible spine is that it enhances the maneuverability of under-
actuated quadrupeds. State-of-the-art quadruped robots are limited
to leg-based turning without an active spine, which is rather ineffi-
cient. With the addition of an active spine, we have shown that the
turning speed of NeRmo can be increased by up to 40% compared

with leg-based turning, depending on the turning radius and gait
type. This is because spine-based turning does not need to modulate
the leg stride length but takes advantage of the entire forward leg
motion while turning. Furthermore, the minimum turning radius
can also be improved by up to 30% with the mix-based turning
strategy compared with leg-based turning.

Future work could explore quadruped locomotion with a more
complex spine and apply it to highly dynamic motions. Here, we
only investigated the effect of lateral spine flexion on improving the
agility of NeRmo. From research on rodent gaits (48), we know that
rodents also use vertical flexion of the spine for their gaits. There-
fore, extending the spine model by enabling vertical flexion also has
great potential to further boost the physical limit of NeRmo or other
quadruped robots.

MATERIALS AND METHODS

Kinematic model of spine

NeRmo leverages its kinematics to calculate and coordinate its
spine-based motions. Therefore, we present the derivation of the ki-
nematic model of the spine, which is used to generate walking tra-
jectories and to enable spine-based functionalities. The kinematic
models of the foreleg and rear leg are given in the Supplementary
Materials.

The compliant spine can be modeled as a series of connected,
discretized, compliant joints. Figure 7A visualizes the computer-
aided design (CAD) model of the spine superimposed with its kine-
matic wireframe. We assumed that NeRmo's front torso is fixed at
the base frame M. The spine was then modeled as an eight-axis ma-
nipulator, with the rear torso of NeRmo, namely, the hips, rear legs,
and tail, as the tool-end of the manipulator, denoted by the frame
{10}. The spine is composed of both sagittal and lateral flexion joints.
The four lateral flexion joints are located at frames {2}, {4}, {6}, and
{8}, denoted by respective joint angles 0, 04, 66, and 0g. The sagittal
flexion joints are at frames {1}, {3}, {5}, and {7} with their respective
joint angles 0}, 03, 85, and 0;. The sagittal joint values are set con-
stant because we only focus on lateral flexion in this work.

We used the Denavit-Hartenberg (DH) convention to compute
the forward kinematics of the spine. The modified DH parameters
of the spine are listed in table S11. The transformation matrix be-
tween the previous vertebra’s coordinate frame i — 1 and the current
vertebra’s frame i was deduced as

cos(6;)

sin(0;)cos(a;_;) cos(;)cos(a;_;) —sin(a;) —d;sin(a;_;)

—sin(0;) 0 o,

i_lTAz
sin(0;)sin(o;_;) cos(;)sin(ex;_;) cos(e;_;) d;cos(a;_;)

0 0 0 1

—~
—
~

Table 1. Experiment results of the maze navigating test.

Simulation Real world (five trials)
Metrics No spine With spine Change No spine With spine Change
Times taken (s) 81.8 40.5 —50.5% 90.2 (+1.65) 62.6 (+1.77) —30.6%
Average speeds (m/s) 0.042 0.086 105% 0.038 0.055 44.7%
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S

(iii)

Fig. 7. Kinematics of the spine. (A) Kinematic diagram of the spine according to the DH convention with eight revolute joints denoted by 6;. Frame M denotes the base
frame attached to the main torso of NeRmo, and frame 10 denotes the end frame attached to the hip of NeRmo. (B) (i) Schematic of the spine in neutral configuration
(gsp = 0) with the CAD of the spine underneatbh. (i) Schematic of the spine with the servo actuated (gs, # 0). (iii) Kinematic diagram of a single spine element. (C) Sche-
matic of the distance dex: between the shoulder ps, and the hip pyip during the lateral flexion.

The complete transformation matrix from the end frame {10} lo-
cated at the hip to the base frame M of the spine can be expressed as

10
M, =MT, H T, (2)
i=1

where T, denotes the transformation matrix from the end frame
{10} to the base frame M. We can represent MT, o as a function of the
lateral joints f(B,, 64, 66, B5). Then, any point mpe in the coordinate
frame of the endpoint (hip) can be described as a point in the base
frame Mp, with

Mpe = MTlO ' lope
where Mpe =f(62, 04, 06, 98)

To simplify the kinematic model, we assumed that the angular
displacement of each lateral spine joint is identical such that the
angular displacement of each joint is expressed by a single variable
0, = 0, (Fig. 7B, i). This assumption holds because each lateral
spine joint is mechanically equal and connected in series. There-
fore, the introduced assumption reduces the forward kinematics
expressed by the transformation matrix to a single unknown vari-
able MTy, = f(6,).

Thus far, we have expressed the kinematics of the spine with re-
spect to the spine vertebral angle 6,. However, the spine is actuated
by the tendon system with the spine pulley servo g, (Fig. 7B, ii). The
rotation of the spine servo exerts a torque that is equally distributed
to each of the four joints based on the equal joint assumption. The

(©)
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actuation of the spine servo results in a relative change in the spine
tendon length I on either side of the vertebra dependent on gg.
Therefore, the relationship between 0, and gy, is derived from the
diagram of a single spine segment (Fig. 7B, iii) as

2
0, = 2a, — m +arccos| 1— % (4)
2((L,/2)* + dg)
ly=1,+ Al (5)
Alst = (rsp(qsp - qspO))/4 (6)
_ ¢ dst
o, = arctan 1/2 (7)

where d is the distance of the tendon to the central axis, I is the
effective tendon length between each spine segment, [, is the dis-
tance between two spine vertebra elements, Al is the change in ef-
fective tendon length, gy, is the actuation angle of the spine servo,
gspo is the neutral position of the spine servo for which Al = 0 (for
gspo = 0), and ry, is the radius of the spine servo pulley. The factor of
4 in Eq. 6 is a result of the property that the change in tendon length
is distributed equally across all four lateral joints of the spine. Solv-
ing Eq. 4 for g, yields the explicit solution
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o,—4l,+0,+ TsGspo

-
Tp = 4, +c52-|fcs1 ~ 7 Gpo (8)
rS
where
o, = 2l§63
o,= 8d52tc53
)

— . 2 i . si . —
2¢0s0, - cosa +2sina, - sin6, - cosar, +cos0, — 1

4d% +12

Last, we require the inverse kinematic model to compute a solu-
tion for 6, given a desired hip deflection, which is then used to solve
for gy with Eq. 8. Similar to the inverse kinematic models of the
legs, the inverse kinematic model of the spine is computed in the
velocity space using Eq. 19, where the Jacobian J = MT . The solu-
tion for 0, is then computed numerically and used to solve for the
spine pulley servo g, with Eq. 8.

Spine-based functionalities

We derive control models for three spine-based functionalities that
enhance the locomotion behavior of NeRmo: spine-based balance
compensation to improve static stability, spine-based stride exten-
sion to increase locomotion speed, and spine-based turning to en-
hance maneuverability.

Spine-based balance compensation

The lateral spine flexion constantly affects the position of NeRmo's
CoM. When the spine is actuated, the front torso is translated rela-
tive to the rear torso, resulting in a shift of the CoM. As illustrated in
fig. S3, its position pcom is derived by considering the rear and front
torso as two bodies connected by a massless spine such that

Pom= W!frpmmfr +my, (MTIO 'wpcom" >] (10)

My, + my,

where mg and m,, are the masses of the front and rear torso, Peom,
denotes the position of the CoM of the front torso, and °p_ . de-
notes the position of the CoM of the rear torso in the reference
frame of the hip. The spine is considered massless in the CoM mod-
el because its mass constitutes less than 2% of the total mass.

We show the change of the CoM position with respect to the
spine vertebral angle 0, and the spine pulley actuation g, in Eq. 10.
Therefore, pcom can be used to derive a model that controls the sta-
bility of NeRmo in the three-foot contact configuration. In the
three-foot contact scenario (fig. S3), NeRmo can transition between
static stability and instability depending on the CoM position.
When both rear feet and one front foot are in contact (stable con-
figuration), the CoM lies within the stability triangle enclosed by the
stability diagonal. Conversely, NeRmo is statically unstable for cases
with two front feet and one rear foot in contact because the CoM is
outside the stability triangle. Therefore, actuating the spine to trans-
late the CoM relative to the stability diagonal influences NeRmo's
static stability.

The CoM position relative to the stability diagonal, using a dis-
tance metric dgp, is defined as

Bing et al., Sci. Robot. 8, eadg7165 (2023) 6 December 2023

| (pfe,y - Pre,y)pcom,x + (pre,x - Pfe,x)pcom,y + (Pfe,xpre,y - pfe,ypre,x) |
\/(pfe,y _pre,y)2 + (pre,x _Pfe,x)z

| dstab | =

11)

where pcom, x and peom,y denote the x- and y-projection of the CoM
onto the ground plane. ps. and p,. denote the known front and rear
foot-end positions of the opposing feet contact pair defining the sta-
bility line. Therefore, the distance d., can be solved with 6, and g,
from Eq. 8. The stability distance dqp is a signed function that pro-
vides information on the relative orientation between the CoM po-
sition and the stability diagonal. For example, if the CoM is located
to the right of the stability diagonal, then dg.p, is greater than zero,
whereas on the left of the stability diagonal, dgub is less than
zero. The numerical simulation of the CoM position can be seen
in movie S1.

Spine-based stride extension

The lateral flexion of the spine translates the rear torso of NeRmo
relative to the front torso, which leads to the distance change be-
tween the left shoulder and right hip or vice versa (Fig. 7C). We le-
verage this variation of the relative shoulder-to-hip distance to
introduce the spine-based stride extension. The distance dey be-
tween a hip-shoulder pair is computed as

dext(pshj’phipi) =lps, — (MT10 ‘101’hipi ) Il (12)
where i, j € left, right, and i # j. The point Psh, denotes the coordi-
nates of the shoulder in the base frame M. py;, denotes the coordi-
nates of the hip. Because Psh, is constant in the base frame, the
distance dexi(pyg, phipi) only depends on the bending angle of the
spine 0,. With the distance dext, We are able to switch between two
different modes, spine-based gait extension (increasing the dis-
tance) and spine-based gait compression (decreasing the distance).
To enable gait extension, we compute a solution for the spine verte-
bral angle 6, = 0] , by maximizing Eq. 12 such that

0 = n}aaxdext(pshj, Phip)» With respectto 0<0)  <0.1 rad
., )

v,ext v,ext

(13)

0; . is constrained to 0.1 rad because of the mechanical limita-
tion and the safety factor of the spine flexion. Gait compression was
achieved by minimizing the distance defined in Eq. 12 to obtain a
spine vertebral angle 6, = Gj)comp.

By synchronizing the spine extension and compression with four
legs during a gait cycle, we can increase the effective stride length of
a gait. The strategy is applied to symmetric gaits, e.g., the trot, ac-
cording to two rules. For an opposing leg pair in the swing state, we
apply the spine-based gait compression that effectively increases the
length of their swing by forward yaw translation. For an opposing
leg pair in the stance state, we apply the spine-based gait extension
that effectively increases the length of their stance by rearward yaw
translation. Figure 4B demonstrates the spine-based stride exten-
sion effect by comparing a standard ideal trot gait (Fig. 4B, i) with a
spine-extended ideal trot (Fig. 4B, ii).

Spine-based turning strategy

We introduced three control strategies for NeRmo to steer in a di-
rection: the spine-based lateral flexion turning (sb), leg-based turn-
ing (Ib), and mixed-based turning (mb). The implementation details
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of the leg-based turning strategy are given in the Supplementary
Materials.

The spine-based turning strategy takes advantage of the lateral
spine flexion. The induced lateral flexion displaces the rear legs
and changes the yaw orientation by angle Oy, as illustrated in
Fig. 5B. The change of the distance between the shoulder and hip
dex enables a turning motion and yaw moment around the CoM of
the robot. Trivially, Oy = 4 X 0,, where 0, is the joint angle of the
spine vertebrae used for the lateral flexion (see Fig. 7B). [s; and [,
are body lengths. Therefore, the turning radius can be derived as

l
0

lS

pl

+—
tan0

turn

sp2

rtum (eturn) = (14)

turn
Because of the limited flexion range of the spine, the turning ra-
dius is constrained by the mechanical design. It should be noted
that, during the spine lateral flexion turning, the leg stride length
does not need to be modulated to achieve the turning behavior.
The leg-based and spine-based turning strategies have several
benefits and drawbacks, as outlined in table S6. We introduced a
hybrid turning strategy called mix-based turning, which combines
the advantages of both leg-based and spine-based turning strategies.
The mix-based turning strategy applies the following logic to com-
bine turning strategies. For large turning radii, the mix-based turn-
ing prioritizes the faster spine-based turning. For small turning
radii, the mix-based strategy applies additional leg-based turning.
The turn radius is computed in the same way as leg-based turning,
except that dyiqg is also conditioned on the spine vertebral angle 0,.

Controller

Gait
Knowledge

Base
Digital
NeRmo

Or
Real

NeRmo

6

Device

Control architecture

The control architecture integrates the kinematic models of the leg and
spine into a cohesive system to achieve spine-based quadruped loco-
motion. The control architecture consists of four components: the
high-level controller (see the Supplementary Materials), the motion
module, the trajectory generator, and the gait knowledge base. The
control architecture relies on synchronized communication between
all modules to achieve successful control. In Fig. 8A, we show the in-
formation flow, where ky is the gait parameter vector, sieg is the leg state
Vector, Vi is the leg velocity vector, trgq is the foot-end trajectory, vi
is the target velocity of the robot, oty is the turning rate, and gq is the
gait mode. The controller has two external interfaces (i) to an upstream
input device that sends control messages ¢, and (ii) to the simulation
or NeRmo with control signal g 4 and sensor messages .

The motion module implements the kinematic models of NeR-
moss legs and spine. In particular, the motion module must ensure
that the leg and spine are synchronized for all behaviors. Figure 8B
depicts the motion module and the interdependencies between the
low-level leg and spine controllers. In addition to the internal com-
munication between the leg and spine controller, the motion mod-
ules main interface sends the servo control values gng4 to the
downstream device. It also interfaces with the gait knowledge base
to retrieve relevant gait parameters k; and the trajectory generator to
obtain the foot-end trajectories trgr. The external and internal con-
trol signals of the motion module are outlined in table S12. Note
that the parameter gm,d = (qiegs> gsp) is depicted in Fig. 8A. Detailed
explanations of the spine controller, leg controller, and the trajectory
generator are given in the Supplementary Materials.

Motion Module
________________ a

Fig. 8. Overview of the control architecture. (A) The controller consists of four core modules: the high-level controller, the motion module, the trajectory generator
(fig. S11), and the gait knowledge base. The controller interfaces with two external components. The first component is any upstream input device that sends a control
message ¢m. The second component sends servo controls gm, 4 and receives sensor values gm, s from the digital or real NeRmo. (B) Architecture of the motion module,

which computes the low-level control commands for the servo motors.
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