
A Novel Lockable Spring-loaded Prismatic Spine
to Support Agile Quadrupedal Locomotion

Keran Ye, Kenneth Chung and Konstantinos Karydis

Abstract— This paper introduces a way to systemati-
cally investigate the effect of compliant prismatic spines in
quadrupedal robot locomotion. We develop a novel spring-
loaded lockable spine module, together with a new Spinal
Compliance-Integrated Quadruped (SCIQ) platform for both
empirical and numerical research. Individual spine tests reveal
beneficial spinal characteristics like a degressive spring, and
validate the efficacy of a proposed compact locking/unlocking
mechanism for the spine. Benchmark vertical jumping and
landing tests with our robot show comparable jumping per-
formance between the rigid and compliant spines. An observed
advantage of the compliant spine module is that it can allevi-
ate more challenging landing conditions by absorbing impact
energy and dissipating the remainder via feet slipping through
much in cat-like stretching fashion.

I. INTRODUCTION

Owing to developments in actuators, embedded single-
board computers and perception units, quadrupedal robots
have become more versatile in various agile locomotion
tasks [1]–[3] including rapid running [4], aggressive jump-
ing [5], [6], fast stepping [7], and other acrobatic maneu-
vers [7]–[10]. A range of existing quadrupedal platforms [1],
[8], [11]–[22] adopt a single rigid body (SRB) design and
extend the overall morphological degree-of-freedoms (DoFs)
by employing 3-DoF legs. This approach philosophy can
result in modeling representations that can be directly em-
bedded into robot controllers and estimators.

Further extending morphological DoFs may be the key to
achieve more agile locomotion [23]–[29]. However, adding
more actuated joints within the leg assemblies could be rather
expensive [30]. On the other hand, biological inspiration
from mammals [31]–[34] suggests the potential of applying
more spinal DoF(s), in contrast to a rigid body and in addi-
tion to the current approaches regarding leg DoFs, to enable
novel control strategies for more agile maneuverability.

Existing biological evidence has demonstrated the varied
spinal functions of bending and twisting in vertebrate stud-
ies [35]. In turn, such studies have motivated several bio-
mimetic multiple-DoF spine models and prototype designs
that have been found capable of stabilizing gaits [24],
[36]–[42], enhancing speed [40]–[45], and promoting effi-
ciency [40]–[42], [45], [46]. Further abstractions of the spinal
morphology to 1-DoF spines [23], [25], [30], [47]–[56] have
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Fig. 1: The SCIQ Robot. (a) The novel lockable spring-loaded
prismatic spine module proposed in this work. (b) The SCIQ robot
prototype with the lockable compliant prismatic spine in place. (c)
A Webots simulator model we created for our robot with identical
properties as in the physical robot yet simplified visual rendering.

also gained attention owing to their simpler mathematical
representation to investigate more essential functionality.
Spines with a revolute joint in either sagittal, frontal, or
transverse planes have been widely studied numerically and
empirically for their contribution to motion regularity [23],
[25], [30], [47], [48], [50], [52], [53], [56] and transport
efficiency [48], [49], [53]–[55], [57]. Although spine bending
also implies the linear change in vertebrae morphology,
spines embodied with a prismatic joint have been explored
only scarcely, with most of the work [23], [25], [51], [56]
conducted in numerical settings.

Vertebrate studies also suggest that the spine actuation
source is compounded with actuators (from muscles) and
compliance (from ligaments and tendons) [32]–[34]. Rev-
olute joints can be readily deployed into actuators and
compliant components compactly, and can allow significant
morphological change between stretching and contracting a
robotic spine. Thus, several efforts have considered revolute
joints for spinal DoFs, shown to lead to overall efficiency
improvement [25], [49], [53], [55], [57], high-speed sta-
bility [47], [50], [52], [53] during agile motion, and acro-
batic maneuvers [30]. On the other hand, prismatic joints’
engineering design is less straightforward under the same
space requirements for compactness. Direct deployment of a
prismatic spine framework (like linear rails) in the sagittal
axis is risky as other parts of the robot may clash with
extruding rail parts. Actuation of any compliance integration
in this axis is also challenging without compromising the
large shape adjustment (we offer more details in Section III).



Besides the technological challenges and opportunities
around (compliant) spine design, modeling and control, it
is also important to develop quadrupedal platforms that can
afford integration of different spine prototypes interchange-
ably. Doing so can help quantify each design’s effectiveness,
strengths, and limitations. One platform that has this fea-
ture is the small-scale robot Lynx [39]. Nevertheless, spine
exchangeability remains an open area for the quasi-direct-
drive (QDD) family of quadrupedal robots [58], [59] on a
comparatively larger scale.

The work underlying this paper aims to provide a means to
systematically study the effect of compliant prismatic spines
in quadrupedal robot locomotion. We seek to offer design
insights for one such spine prototype and a new QDD legged
platform that can integrate different spine modules inter-
changeably and with minimum engineering effort (Figure 1).
The major technical result of this paper concerns a novel
spring-loaded lockable spine module, together with a new
Spinal Compliance-Integrated Quadruped (SCIQ) platform.
We focus on the design, analysis and experimental testing
of the spine on its own and while embedded into our new
quadrupedal robot. In detail, our work contributes: 1) a
novel compact and light-weight prismatic spine module with
independent controller and sensors; 2) an automatic spine
locking/unlocking mechanism with tiny servos triggering for
large spinal force; 3) a low-cost quadrupedal robot with
convenient hardware interfaces for spine modules; and 4)
a controller framework with distributed coordination with
spine modules and a synchronized interface to the simulator.

II. QUADRUPEDAL PLATFORM

We begin by discussing our new robot and its various
hardware and software traits first. Then, the description and
analysis for the novel spine are provided in the next section.

A. Overview

The SCIQ robot is a member of the QDD legged robot
family where existing quadrupedal platforms [58], [60], [61]
have offered several design principles and recommendations
we follow in this work (see Section II-B). In our previous
work [56] we introduced a quadrupedal model to investigate
agile maneuvers with a lock-enabled compliant prismatic
spine. In this work, we develop physical prototypes of both
spine and quadruped and study spinal dynamics embodied
in legged robots for agile locomotion. SCIQ is designed
with an eye to facilitating integration of different spines
interchangeably as well as being (cost-)efficient in terms
of fabrication, maintenance, and upgrades. As such, the
SCIQ robot is composed of one exchangeable spine module
and two power-independent half-bodies, with each half-body
including two leg modules, as shown in Figure 2a and 2b.

B. Hardware

Actuation: There exist several successfully-deployed ac-
tuators such as direct-drive electric motors [58], [60], [61],
series elastic actuators (SEA) [16], and hydraulic ones [20].
Here we choose a brushless DC (BLDC) motor (T-Motor

Fig. 2: The SCIQ Robot Design. (a) The robot assembly comprises
one half-body, a spine module, and the other half-body. (b) Each
half-body consists of two 2-DOF leg modules and a half-body trunk.
(c) Each leg module adopts a flat-symmetric servo layout and links
to leg limbs via timing belts and co-axial shafts.

TABLE I: Summary of Key SCIQ Robot Properties

Properties Symbol Value

Half-body, Battery Mass mhalf , mbatt 4.6 kg, 0.7 kg

Upper, Lower Limb Mass mulimb, mllimb 45 g, 55 g

Upper, Lower Limb Length lulimb, lllimb 0.1 m, 0.2 m

Rigid Spine Mass mrspine 0.6 kg

Rigid Spine Length lrspine 0.23 m

Compliant Spine Mass mcspine 1.2 kg

Compliant Spine Length lcspine 0.12-0.24 m

Motor, Servo Mass mmotor , mservo 0.21 kg, 0.44 kg

Motor, Shaft Peak Torque τmotor , τshaft 0.92 Nm, 9.2 Nm

Overall, Gear, Belt Reduction r, rgear , rbelt 10:1, 6:1, 1.67:1

The shaft is one of the co-axial shafts and lcspine = H+ δH (Table II).

MN5212 kv340) with an off-the-shelf planetary gear set (0.5
module, 6:1 reduction) and an open-source BLDC motor
control board (MJBOTS Moteus r4.5). Our custom servo
module (Figure 2c) is fitted into a 3D-printed (Markforged
Mark 2 and Onyx material) plastic enclosure. The actuator
can achieve position-velocity-torque control with high torque
density (Table I).

Leg and body: Each leg module accommodates two
servos and co-axial shafts (that link to leg limbs) in a hip
assembly in a flat-symmetric manner to balance the mass
about the hip center (Figure 2c). The pre-tensioned timing
belts not only transmit motion between the leg limbs and
servos but also serve as a failure buffer to protect servos
from extreme impact upon legs during agile maneuvers. The
body frame contains the controller pack and the battery pack
with direct access to electric connection and disconnection. It
is bridged to the leg modules through simple bolting between
its cross frames and the leg’s hip assembly, in an effort to
facilitate integration of additional servos for ab/ad joints in
future work. All frame plates are made of birch wood and
linked with 3D-printed plastic connectors to offer a good
tradeoff between weight, rigidity, and budget.



Fig. 3: Software Architecture. The main program (yellow) trans-
lates low-level commands for servos, computes estimation and
control input for the robot, and handles data loggers in multiple
threads (light grey). The physical interface (blue) encodes all servo
commands and replies through CAN-BUS. The simulation interface
functions similarly to the physical interface except in a Webots
simulator. The remote host (dark grey) serves to monitor the robot
behavior and log necessary data.

C. Software

The controller pack consists of a main computer (Rasp-
berry Pi 4B+), a servo communication board (MJBOTS
Pi3hat r4.4), and a LED cooling fan. The main computer runs
a Preempt-RT patched Linux kernel to enable a soft real-time
execution of the whole controller program. It works with the
servo communication board to regulate all servos through
four CAN-FD BUS lines, with each line responsible for one
leg module. A minimal finite state machine (FSM) is used
to allow for online scheduling of different locomotion tasks.

Figure 3 demonstrates the architecture of the software
framework. The multithreaded main program executes on the
main computer for all necessary calculations and interacts
with the physical interface for all information exchange
between the servos (through the servo communication board)
and other units (like the controller of the compliant spine
module). Simulation is synchronized with the main program
in parallel and is carried out in Webots with the direct
use of the provided physical engine for the sake of more
realistic legged behaviors in contact-rich contexts. It is worth
noting that two different CPU architectures are used for
Webots simulation (on a laptop with X86-64 CPUs) and real
robot (Raspberry Pi running on ARM CPUs). To alleviate
the coding adaptation workload, we carefully developed the
simulation interface as analogous to the physical interface as
possible, and the switching between these two interfaces can
be done at compiling time with a single flag set.

The communication between the robot control pack and
the spine module is distributed as two custom nodes on the
Lightweight Communications and Marshalling (LCM) [62]
network, in which way any other spine module can be
effortlessly linked to the main controller node with its own
LCM node following certain message principles.

III. SPINE MODULE

A. Overview

Many existing works abstract the biological evidence of
the spine bending [33], [35] during locomotion with one or
more revolute joints [23], [25], [30], [47]–[56]. Yet, the re-
sulting considerable change in body length along the sagittal

axis also implies the possibility of a prismatic joint interpre-
tation, which has been verified as being effective for facilitat-
ing some quadrupedal dynamical gaits [25], [51]. Notwith-
standing the direct deployment of any linear actuator as the
actuated prismatic spine, passively compliant spine actuation
remains an attractive alternative because the compliance may
introduce high-density energy storage in lightweight com-
ponents and high-frequency response through mechanical
feedback [23], [54]. The locking/unlocking functionality for
a spine can enable different locomotion modes in various
situations [39]. The spine may be locked to act like a
single rigid body when a robot requires accurate motion with
low speed, and unlocked to be passively compliant for less
precise but more agile locomotion.

The aforesaid evidence signifies the importance of de-
veloping such a compliant prismatic spine with lockable
features. Thus, we propose our compact spine design with
detailed descriptions of its mathematical model (Section III-
B), the locking/unlocking strategy (Section III-C), and its
physical realization (Section III-D).

Fig. 4: Spine Model and Prototype. (a) the spine model with n
scissor segments: scissor lift links are marked in yellow and purple,
end plates with linear rail/carriage group in blue and black, revolute
joint as grey and red dots, and prismatic joints as grey blocks. (b)
the spine prototype and the corresponding experimental setup.

B. Model Analysis

Figure 4a shows the underlying model for the proposed
spine inspired by the scissor lift that is widely used for differ-
ent loading applications [63] while keeping itself as compact
as possible with multiple scissor segments. By transforming
the motion in the x axis (spine extending direction) to the
z axis (actuation direction), a larger spine length change
can be achieved with a shorter actuation distance through n
scissor segments. A non-even pattern is applied for the spinal
scissor lift structure to give more freedom to the geometric
adjustment over the spine extension and the actuation span.

We assume that all scissor segments and end plates are
massless, and all joints are frictionless. The scissor segments
attached to the end plates consist of links with length (l1+l2)
and the rest scissor segments in the middle have link length
(2l2). This leads to the simplified geometric-based model

H = n′
√︂
4l21 − d2, n′ = 1 + (n− 1)

l2
l1

, (1)



Fig. 5: Spine End Plate and Locking/Unlocking Mechanism. (a) The locking/unlocking mechanism design: a solenoid (at zero volts,
circled in dashed blue lines) is pulled by a tiny servo through a string (green) and rebounds with a spring (red). (b) The end plate
configuration: a linear rail sits along a lock panel and accommodates a carriage unit and springs (red) on each end plate. (c) The
locking/unlocking prototype. (b) The end plate prototype with a controller pack.

where H is the spine extension length and d is the actuation
span length. n′ is a transformed scissor segment count that
will also be used in force analysis. Due to the massless
assumption above, we can ignore the inertia, thus yielding

F =
2

n′ (H −H0

√︄
4l21n

′2/H2
0 − 1

4l21n
′2/H2 − 1

)Ks, H ≤ H0 , (2)

where Ks is the expansion spring constant and H0 is the
spine extension length when the compression spring is at
rest length. Note that H0 may be beyond the reach of H if
the spring is pre-tensioned at the shortest actuation span. We
separate F into linear, Flin, and nonlinear, Fnonlin, terms as

F = Flin + Fnonlin (3)

Flin =
2

n′HKs, Fnonlin = − 2

n′H0

√︄
4l21n

′2/H2
0 − 1

4l21n
′2/H2 − 1

Ks

where Flin is linear in regard to spine length H . Fnonlin

diminishes with H near 0 and reaches − 2
n′H0Ks as H →

H0.
Interpretation of (1) and (2) suggests nonlinear geomet-

ric and force relationships, while the force curve can be
approximated linearly when the spine length is short (i.e.
spine in compressed status). On the other hand, the force
curve has one peak before H reaches H0 and its value
(Hpeak) can be obtained by numerically solving a 6th-degree
polynomial equation. Thus, the spine maximum length Hmax

is recommended to be designed near Hpeak because F will
decrease rapidly toward 0 after the spine extends over Hpeak.

Another inspiring observation is that the proposed spine
model will function similarly to a degressive spring when
H < Hpeak, that is, becomes easier to compress as it is
further compressed. Such a tendency makes it easier to
restore elastic energy when the spine is forced back to its
shortest length by any external force. When it comes to
utilizing elastic energy by extending the spine length, this
feature helps exert more spinal force to propel the robot’s
body instead of the force degression characterized by a
normal compression spring model.

C. MOSFET-Like Locking/Unlocking Mechanism

To lock the spine while it is moving, one can turn to
the friction-based method (like a bike brake) or conflict-
based method (like a door lock). The friction-based method

TABLE II: Compliant Spine Design Parameters

Parameters Symbol * Values

Number of scissor segments n, 3

Scissor lift limb length l1, l2 0.03 m, 0.06 m

Spine Extending Length H 0.08-0.20 m

Spring Extending Length d 0.06-0.10 m

* Symbols in this table are defined in Figure 4a. The actual spine length
lcspine (Table I) is H plus the installment offset δH = 0.04m.

requires more power for generating fiction to counteract the
body motion and is not suitable for compact deployment.
The conflict-based method relies on the material stiffness
and toughness to handle great impact on the conflict and is
not limited any less by the the compact space requirements.

To this end, we choose the conflict-based method and
propose a locking/unlocking mechanism based on a compact
solenoid-servo system (Figure 5a and 5c). This system is
mounted on a carriage, together forming a prismatic joint
sliding along the linear rail and springs (Figures 5b and 5d).
The solenoid provides a metal pin that is pushed forward by
the attached spring and inserts a portion into a locking hole
on the lock panel. This way, the prismatic joint is locked
on the linear rail and subsequently stops the spine motion
through the scissor lift transform. When unlocking is needed,
the tiny servo rotates its string wheel and pulls out the pins.
However, considerable spine elastic force is necessary to act
along with leg actuation and thrust the whole robot forward
during agile maneuvers. Such a condition will expose the
locking pin to a great amount of friction when it is pulled by
the servo and it introduces risk to compromise the hardware.

To address this challenge, we propose a perception-based
locking/unlocking algorithm based on the following logic.

• When the pin is locked at a certain spine length Hlock,
it can be unlocked only when unlocking is commanded
and an external press happens to release the pin from
close contact with the lock hole and then allow the servo
to pull out the pin.

• The external press is captured by a modified cumula-
tive sum control chart (CUSUM) [64] edge detection
algorithm at the spine locking length Hlock.

• When the pin is unlocked, any lock command will
allow the servo to release the spring-loaded pin into
the nearest lock hole to freeze the spine.
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Fig. 6: Spine Characteristics Test. The upper three graphs show results for weak, medium, and strong spring configurations: the model
prediction curve (red), data from experiments (blue circle for spine compression, black square for spine extension), and fitted curves
(blue dashed line for spine compression, black dashed line for spine extension). Before visualization, the raw data were downsampled and
filtered to remove outliers. The raw data are fitted with order-2 polynomial curves. The lower graph shows results from four consecutive
spine compression-extension trials with distance data (black line) and force data (circle-dashed blue line). An external force is applied by
hand to regulate the spine motion varying between trails such that it moves slower in the last two trails. (Figure best viewed in color.)

Fig. 7: Spine Locking/Unlocking Tests. (a) The spine is pre-locked and commanded to stay locked. (b) The spine is pre-unlocked and
commanded to stay unlocked. (c) The spine is pre-unlocked and commanded to be locked at the shortest length. (d) The spine is pre-locked
and commanded to be unlocked at the shortest length when the press is detected. The sequences were sampled at 5Hz. The supplemental
video file demonstrates these tests more clearly.

As such, the locking/unlocking mechanism can act like a
MOSFET transistor (which can control a much larger current
with minimum input current) to release and retain significant
elastic energy with small locking/unlocking actuation power.

D. Prototype

Figure 4b shows the lockable compliant spine prototype.
The whole spine module weighs 1.2 kg, which is heavier than
the 0.6 kg rigid spine (Table I), yet it can exert up to 80 N
spine force from the springs. The main structure comprises
two end panels linked by four miniature sliders that confine
the spine length range. Each end panel is laser cut (VLS 3.60)
from birch wood board and contains a miniature linear rail
with a locking/unlocking system powered by a tiny SG90S
servo. The scissor lift structure is spring-loaded and bolted
along the linear rails on the two end panels.

The controller pack includes a single-board computer
(Raspberry Pi Zero 2 Wireless) and a servo control hat
(SparkFun Servo pHAT) that connects to a pair of distance
sensors (SparkFun Distance Sensor VL53L4CD) for edge
detection mentioned in Section III-C. The spine length is
estimated by the average of the two distance sensor measure-
ments and falls back to one measurement if the other fails
which has been occasionally observed during experiments.

Table II presents the scissor lift structure design param-
eters with specific values under the careful cross-study of
the slider limitation, available spring geometry, and Hpeak

calculation (Section III-B). It is evident that our spine module
can expand up to twice its shortest length while providing
increasing thrust. The expanding scale is similar to the leg
limbs (Table I) and thus could be of considerable benefit to
enlarge the stride length and expedite gait speed [23], [54].

IV. RESULTS AND DISCUSSION

A. Spine Characteristics Test

Figure 4b depicts the testbed used to perform spine
characterization experiments. The spine was standing upright
with the bottom end plate fixed to a flat wooden table base.
A force gauge was used to apply force at the center of the
top end plate while recording force measurements.

We performed tests with two types of linear extension
springs. Both have the same rest length d0 = 0.096 m
but different spring constants (soft: Ks,soft = 224 N/m;
stiff: Ks,stiff = 364 N/m). Combinations of these springs
result in three distinctive compliant configurations, namely
weak (four soft springs), medium (four stiff springs), and
strong configuration (four soft springs and four stiff springs).



Fig. 8: Jumping Test Sequence. (a) One jumping and landing trial with the rigid spine. (b) Two consecutive jumping and landing trials
with the spring-loaded spine. These are extending over the middle and bottom row panels. A blue vertical dashed line denotes end of the
first trial and initiation of the second. The first jump results in similarly mild landing conditions like in (a) yet without any body bouncing.
The second jump exposes more challenging landing situations which can be overcome owing to the spring-loaded spine. Critical landing
sections are marked in red dashed boxes to facilitate a side-by-side comparison of the robot behavior with the rigid (top) and with the
compliant (bottom) spine equipped. The robot always faced leftwards. The supplemental video demonstrates these tests clearly.

For each configuration, we performed 20 trials with spine
compression-extension routines and collected data through
the spine’s onboard computer and the force gauge.

Figure 6 (upper panels) show the results following testing
of the above three compliance configurations. Results suggest
that our proposed simplified model offers a satisfactory pre-
diction for the force-length relation. The force-length curve
during spine compression (or extension) is with an observ-
able positive (or negative) offset from the predicted curve,
mainly due to the sliders’ friction acting along (or against)
the spinal force. Note that the spine extension routine for
the soft configuration was not able to be properly recorded
due to the serious effect of sliders’ friction and clogging
which, however, can be overcome by the medium and strong
configurations. It is also evident that the strong configuration
outperforms the rest with the spinal force peak close to the
longest length. The bottom panel of Figure 6 shows the force-
length curves during consecutive trials along the timeline and
visualizes the spine module’s degressive-spring-like feature
that the spinal force and length are positively correlated.

B. Spine Locking/Unlocking Verification

The verification experiment of the lock/unlocking mecha-
nism was conducted on the same setup as the characteristic
test (Section IV-A). Figure 7 demonstrates four different
situations the locking/unlocking mechanism may encounter
during locomotion described below.

• When the spine is currently locked and the robot com-
mands the spine to stay locked (Figure 7a).

• When the spine is currently unlocked and the robot
commands the spine to stay unlocked so that the former
is free to move (Figure 7b).

• When the spine is currently unlocked and the robot
commands the spine to lock when it is pressed to its
shortest length (Figure 7c).

• When the spine is currently locked and the robot
commands the spine to unlock when it is pressed at
its shortest length (Figure 7d).

Results show that the proposed locking/unlocking mech-
anism produced the desired actions for each situation. In

addition, the proposed strategy can respond to fast spine
motion and large spinal force in a real-time manner. On the
other hand, a small bounce-back was empirically observed
when the spine was locked (Figure 7a and 7c), mainly
because of small wobbling of the solenoid pin across its
motion axis under large spinal force. We expect to resolve
this issue in future work by fabricating a custom pin and
prismatic joint with linear bearing to minimize wobbling
motion and enhance the overall unit stiffness.

C. Robot Vertical Jumping and Landing Test

To evaluate the efficacy of the passive prismatic spine into
high-impact aggressive quadruped locomotion, we focused
in this paper on vertical jumping and landing. Based on
our findings about spine properties (Section IV-A), we chose
the strong compliance configuration for our compliant spine
module. Comparisons are made against a rigid spine module;
both can be equipped in an interchangeable manner to our
SCIQ robot.

We performed 20 trials of vertical jumping and landing
for each spine module with a similar battery level. All servos
were limited to 70% of their peak torque. The SCIQ robot
was connected to a local WIFI network shared with a remote
host which was used only for collection of proprioceptive
data from servos and onboard IMU through LCM. The
remote host was also saving the robot’s posture information
provided by a VICON motion capture system in the lab. At
the same time, we recorded all motions of the robot with a
high-speed action camera for post-analysis.

We investigated whether or not spinal compliance can
affect the landing phase, particularly when the robot is not
landing properly with the legs because of body tilting and
varied contact times among feet upon impact. Figure 8a
shows one of the successful jumping tests for the SCIQ robot
with the rigid spine. Despite repeatable jumping performance
overall, it was occasionally observed that when the rigid
spine was used, the timing belt had some slippage in the
case that the landing posture was not ideal and the legs did
not compensate properly for the large ground reaction forces
that could cause the robot’s body bounce as shown in the
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Fig. 9: Jumping Characteristics. The left and right box charts
show the distribution of the maximum jumping height and velocity
respectively. Compliant spine’s results are in blue and rigid in grey.

red-marked region in Figure 8a. On the other hand, no such
observation was made with the compliant spine, which was
compressed to some extent to mitigate the impact from the
legs when an unfavored landing posture happened. Figure 8b
captures this effect in the red-circled segment, and shows that
our spring-loaded spine can absorb the impact energy which
is 1) partially stored as the spine’s elastic energy and 2)
dissipated for the rest through the front feet slipping like a
cat’s stretching under the spine’s degressive spring property
(Section III-B).

Figure 9 exhibits side-by-side the results of both spine
modules in terms of vertical jumping height and maximum
velocities. The graphs suggest that the two spine modules
share similar jumping performances, on average. The robot
with the compliant spine experienced a little smaller jumping
height due to the extra weight of the spine compared to
the rigid one, yet it was capable of producing larger peak
velocities. Notwithstanding the fact that the rigid spine deliv-
ers more consistent jumping behaviors, the compliant spine
enables more aggressive motion in exchange of precision, a
feature which can serve well in some agile locomotion tasks.

V. CONCLUSIONS

The paper contributes a novel spring-loaded lockable spine
module together with a new quadrupedal platform called
SCIQ, in an effort to promote spinal compliance research for
agile legged locomotion both empirically and numerically.
Obtained results reveal the advantageous spinal properties
similar to a degressive spring, and justify the effectiveness
of the proposed compact locking/unlocking mechanism for
the spine. Physical experiments with the robot suggest sim-
ilar jumping performance between the rigid and compliant
spine modules, yet giving the compliant spine enjoys better
performance in more challenging landing situations. Future
directions of research include 1) the improvement of the
locking/unlocking unit for better stiffness, 2) the robot’s self-
manipulation with the spine lockable feature, and 3) a more
comprehensive effectiveness study of various spine designs
for different locomotion gaits.
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