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This study develops and tests a method for improving the stability of a quadruped walking robot during straight-
line motion by upgrading its control algorithms. Such robots are widely used in military applications, rescue
operations, construction, industry, research, and even daily life. Ensuring stability during movement is a critical issue
for all types of walking robots, but it is particularly challenging for bipeds and quadrupeds due to their structural
features and operational modes.

In the investigation of quadruped robot stability, it was determined that stability can be conditionally divided into
dynamic and static stability. Dynamic stability refers to maintaining balance during body movement, while static
stability pertains to maintaining balance in a stationary position. A common issue for quadrupeds is falling onto the
lifted limb, which is a problem of static stability since it results from losing a support point without body movement.

The paper reviews recent studies and concludes that proposed stability enhancement methods for walking robots
can be broadly categorized into structural and algorithmic approaches. Structural methods are commonly used for
robot stabilization but are not universal, as they require modifications to the design. Algorithmic methods are more
versatile, but their application is often limited by the robot’s computational capacity, power constraints, and lack of
necessary sensors. After analyzing the limitations of existing methods, a stabilization method was proposed that does
not require structural modifications or significant computational resources.

The essence of the method is shifting the center of mass from its initial position within the support triangle formed
by the legs in the swing phase. This is achieved by repositioning the support points of the limbs toward the lifted limb.
The proposed method was implemented in the robot's motion control algorithm and tested on a quadruped robot model
that previously exhibited stability loss when transferring a limb to a new position. A test algorithm was developed,
defining a sequence of movements for straight-line locomotion, and an analysis was conducted on the impact of center
of mass shifting on the time required to traverse a fixed-length section. The conducted studies demonstrated the
feasibility and effectiveness of the proposed method.

Keywords: ground robotic systems (GRS); software algorithm; walking robot;, quadruped; programming;
stability; stability improvement; center of mass; algorithmic and structural methods; microprocessor system.

Introduction

In recent years, the research and use of so-called
ground robotic systems have significantly increased,
and they are increasingly finding their place in various
fields of human activity.

Mobile ground robotic systems (GRS) are
specialized functionally oriented systems equipped
with a control and navigation system, actuators, power
units, and mobility mechanisms that allow them to
move across surfaces and perform assigned tasks [1].
GRS can be used in the military sector for
reconnaissance, mine clearance, and facility
protection; in industry for automated cargo
transportation and hazardous tasks; in agriculture for
crop monitoring and fertilizer application; in rescue
operations for locating victims in disaster zones; and
in scientific research for exploring hard-to-reach
places or extreme environments [2].

GRS can be classified based on their mode of
movement into walking, wheeled, tracked, and hybrid
types. Walking NRK use limbs for locomotion similar
to animals and humans, allowing them to traverse
various terrains and obstacles. Wheeled GRS are the
most common robotic systems due to their simplicity
in operation and control. They utilize wheels for
movement, providing significant advantages in speed.
Tracked GRS employ track mechanisms, which offer
benefits when navigating difficult terrains such as
mud or sand. Hybrid GRS combine multiple
locomotion methods, such as wheeled and walking or
walking and tracked mechanisms. These combinations
allow the robot to take advantage of multiple mobility
systems simultaneously.

Among these GRS types, walking robotic
systems, also known as walking robots, exhibit the
highest mobility. They can overcome complex
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terrains, climb obstacles, and even perform vertical
movements [3, 4]. However, the main drawback of
walking robots is the necessity to lift their limbs off
the surface for movement, which in turn reduces their
stability due to a decrease in the number of contact
points with the ground.

Walking robots are generally classified based on
the number of limbs into bipeds, quadrupeds,
hexapods, and myriapods. Each of these types is
examined in more detail below.

Bipeds have two limbs and walk similarly to
humans. This type of robot is one of the most complex
in terms of stability and balance maintenance. One of
the most well-known bipedal robots is the humanoid
robot Atlas, developed by Boston Dynamics [5].

Quadrupeds have four limbs and are
physiologically similar to four-legged animals. This
type of robot is more stable compared to bipeds but
can still lose stability and fall under certain conditions.
Some examples of quadrupedal robots include
ANYmal and Spot, developed by ETH Zurich and
Boston Dynamics, respectively [6, 7].

Hexapods have six limbs, which provide high
stability, the ability to maintain balance while moving,
and good maneuverability. One example of a hexapod
is the PhantomX Hexapod, which is often used as an
educational or research model [8].

Myriapods have more than six limbs. This type
of walking robot has high resistance to falls and is not
significantly affected by the loss of several limbs
during operation. However, such robots have low
maneuverability and may consume a large amount of
energy due to their numerous actuators. One example
of this type is the OCTOROACH robot [9], which has
eight limbs and mimics the movement of insects.

Among the types of walking robots mentioned,
the least attention has been given to quadrupeds,
hexapods, and myriapods. In this regard, myriapods
are primarily demonstrative in nature, as quadrupeds
and hexapods can perform nearly all the same tasks as
myriapods while offering greater maneuverability and
fewer limbs. This, in turn, increases turning and

A

A)

movement speed and reduces energy consumption for
operating additional limbs [10]. Quadrupeds, on the
other hand, are quite similar to hexapods but have
lower stability during movement, which is their main
drawback.

Fall resistance, depending on movement speed, is
classified into static and dynamic stability [11]. Static
stability allows a robot to maintain balance by forming
a support area with its limbs during slow movements.
Dynamic stability, on the other hand, enables balance
retention during fast movement.

Dynamic stability is also referred to as active
stability, as it is described as controlled falling onto
the lifted limb. In other words, solving the problem of
dynamic stability involves calculating the period and
phase of each limb’s lift. Since addressing this issue
allows the robot to perform rapid movements without
the risk of falling, it has been well-studied by various
researchers, particularly in the context of bipeds and
similar systems [4]. However, significantly less
attention has been given to static stability during
movement, which is primarily achieved through
structural symmetry.

Thus, this study will focus on the problem of
static stabilization of the robot during slow, straight-
line movement.

Problem statement

For a statically stable robot, the projection of the
center of mass must always be located within the
plane formed by its limbs, as shown in Figure 1.A.
Additionally, for the robot to be statically stable, it
must have at least three points of contact, meaning
that in the case of a quadruped, only one limb can be
lifted during a single step iteration.

Let us consider different cases of lifting limbs by
the robot. In Figure 1.B, we show a case of a statically
stable robot. When lifting limb B, the plane of stable
positioning is formed only by limbs A, C, and D.
Since the projection of the center of mass, O, is within
the boundaries of triangle ABC, the robot will remain
statically stable.

Raised limb

o) Q
® X
D A D
B) Raised limb )

Fig. 1. Explanation of the static stability problem of a quadruped robot: A) When the robot is statically stable and is
standing on all four limbs; B) When the robot has one lifted limb and is statically stable; C) When the robot has

one lifted limb and is statically unstable
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However, with the same center of mass placement,
if limb A is lifted, as shown in Figure 1.C, the robot will
be statically unstable, since the center of mass is outside
the plane of triangle BCD, which could cause it to fall
toward the lifted limb.

Thus, for the robot to remain statically stable during
movement, its center of mass must always be within the
plane formed by at least three limbs. This problem can be
addressed in various ways, so a review of existing
methods is necessary.

Therefore, the goal of this study is to develop a
software algorithm to enhance the static stability during
the movement of a walking robot without altering its
structural configuration.

Literature review

In recent decades, numerous approaches to the
stabilization of quadrupeds have been proposed, which
can be divided into structural and algorithmic methods.
Structural methods involve modifications to the physical
design of the robot, such as adding balancing tails, using
segmented torsos, or incorporating elastic elements into
the limbs to dampen oscillations [12]. Algorithmic
methods, on the other hand, involve creating software
solutions that allow the robot's movements to be adapted
to ensure its stability.

Among the algorithmic methods of stabilization,
significant attention should be paid to the works [13-14],
in which the trajectory optimization method is
implemented. The general essence of this method lies in
calculating the parameters of future movement to find the
most optimal trajectory that provides the highest stability
against falling for the robot. However, this method is
more closely related to dynamic stabilization methods.

In the work [13], the authors focused on optimizing
the stability and speed of the robot's movement while
implementing a limb trajectory planning method. Two
algorithms were implemented for this: optimization of
stability margin and optimization of movement speed.
The proposed algorithms were tested on a software
model in the V-REP environment. According to the
simulation results, the algorithms increased the average
walking speed by 32.8% and 81.6%, respectively,
without losing stability. However, the drawbacks include
significant computational power consumption, low
efficiency on uneven surfaces, and the absence of active
adaptation.

But in the work [14], by using contact sensors,
automatic correction of the robot's limb positions was
achieved to adapt to possible external influences. The
testing of the obtained algorithms was conducted on both
software and physical models, showing high adaptability
to terrain and stability of movement with a surface tilt
angle of up to 15 degrees. However, the drawback is the
need for significant computational power for the
continuous adaptation of the robot to changes in the
external environment, which is not accessible for small-
sized walking robots.

An example of natural stabilization implementation

is demonstrated in the work [15]. The essence of the
method proposed in this work lies in responding to
external disturbances acting on the robot in a manner
similar to a spring-damper system. This allows for robot
stabilization that takes a more natural form, where, in
real-time, the robot will attempt to keep its center of mass
at the center of the stability polygon formed by its limbs
at any given time. The drawbacks of this method include
limited system response time, high sensor accuracy
requirements, and the need for substantial computational
power, which is critically important for ensuring the
autonomy of such systems.

Among the structural stabilization methods, notable
developments are presented in works [16-17]. These
works describe modifications to existing robot designs
and the development of a custom, modernized robot
design, which, by its working principle, offers greater
stability than typical designs. In work [16], a robot design
with a tail-like inertial mass attached to the body of the
robot via a movable mechanism is shown. This design
allows for stabilization of the robot’s body during
movement by deflecting the tail in the necessary
direction. However, the drawbacks include additional
power consumption for the operation of the tail
mechanism and the need for readjustment of the
regulator coefficients for any mass and size
characteristics of the robot.

In work [17], a metamorphic quadruped robot
design with a movable structure, named MetaRobot I, is
demonstrated. This robot can rotate its torso in several
sections, which, similar to a spine, allows for a more
even distribution of load across the limbs, thereby
increasing the robot's stability margin. However, the
drawbacks, similar to the tail-like inertial mass, are
additional energy consumption for the movement of the
elements and the difficulty of easily modifying already
completed robot designs.

Despite the high potential application of the
discussed methods, they have significant drawbacks that
often limit their practical use. Further research should
focus on achieving good stability performance with
efficiency in energy consumption and computational
resources.

Proposed stabilization algorithm

After analyzing the existing advantages and
disadvantages of the applied methods for stabilizing
walking robots, it was decided to develop a custom
stabilization method. The foundation of the algorithm
lies in understanding the causes of robot instability. If,
when lifting a limb, the robot loses stability due to the
loss of one of the support points, it is necessary to
shift the center of mass to the center of the newly
formed stability polygon. This means shifting away
from the lifted limb toward the opposite diagonal, as
shown in Figure 2.

Such a shifting method can be performed before
lifting any of the limbs, maintaining the robot's
stability against falls when lifting any limb. At the
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same time, the displacement distance for each limb
can be individually adjusted to reduce the total time
spent on shifting the robot. The proposed method was

Displacement vector of

the robot body

Alimb on the
surface

THE BODY

The piane
of stahbility

OF THE ROBOT

raised

Alimb on the
surface

/7 Lost pari of the stability
plane when limbs are

programmatically implemented in Java and tested for
functionality on the prototype of the quadruped robot,
as shown in Figure 3.

Alimb on the
surface

Approximate location of the robot's
center of mass after body
displacemeant

ApproFmate location of the robot's
center of mass before body
displacement

e

4

Raised limb

Fig. 2. Explanation of the proposed method for stabilizing the body of a quadruped robot when lifting one of its limbs

Fig. 3. Prototype of the quadruped robot

As shown in Figure 4A, before the implementation
of the proposed method, when lifting a limb, the robot
falls onto it because its center of mass is not within the
stability triangle. Upon implementing the proposed
algorithm, the robot shifts by a specified distance from
the lifted limb and lifts it without falling onto it, as shown
in Figure 4B.

For effective testing of the stabilization method, a
trial algorithm was developed, which includes a sequence
of movements for implementing straight-line motion.

Proposed trial algorithm:

Bicnux KII1. Cepia IIPHJIA/IOBY/IYBAHHA, Bun. 69(1), 2025

1. Programmatically determine the displacement
corresponding to the minimum stability margin for the
studied construction after lifting one of the limbs.

2. Accept the obtained displacement value as a
reference and verify it when lifting other limbs, thus
identifying structural deficiencies and asymmetries.

3. If stability is lost when lifting at least one of the
limbs, increase the displacement and, accordingly, the
stability margin. Repeat step 2.

4. Perform 10 steps with each limb while moving
forward.
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5. Perform 10 steps with each limb while moving
backward.

Additionally, a study was conducted on the effect
of shifting the center of mass relative to the uncorrected
position (conditional stability margin) on the time

adl

Fig. 4 esting the stabilization method of the robot: A) m

As seen from the obtained graph, increasing the
displacement of the robot's center of mass results in a
greater time expenditure to cover a one-meter
distance. Therefore, it is crucial to select an optimal
displacement value that ensures both sufficient
stability margin and minimal delay in executing the
primary movement. After conducting the study, the
algorithm was modified by selecting the minimum
stability displacement for each limb individually.

Thus, the obtained results demonstrate the
functionality and efficiency of the proposed software

6t | T

required for the robot to cover a distance of 1 meter. The
graph of the studied dependency is shown in Figure 5.

As seen from the obtained graph, increasing the
displacement of the robot's center of mass results in a
greater time expenditure to cover a one-meter distance.

odel of the quadruped robot before implementing the
proposed stabilization method, falling onto the lifted limb; B) model of the quadruped robot after
implementing the proposed stabilization method, no longer falling onto the lifted limb

algorithm for enhancing static stability with only a
slight reduction in the quadruped robot's movement
speed. Unlike complex adaptive algorithms, this
method does not overload the computational core with
additional calculations and, consequently, does not
impact energy consumption or the robot’s autonomy.
The proposed algorithm is universal and can be scaled
to similar designs by integrating it into control
algorithms with a predefined displacement value that
meets the required stability margin.

6C

35 : 1 1
0 5 10
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Center of mass offset, [mm]

Fig. 5. Graph of the dependence of the time taken to cover a distance of one meter on the robot's center of mass

displacement parameter

Future work will focus on studying the impact of
different movement speeds on structural stability,
performing complex maneuvers, dynamically

changing mass and dimensions of various structural
parts (such as dirt accumulation or limb wear/damage
affecting its length or mass), and modifying the
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algorithm into a pseudo-adaptive version with
minimal computational load. Additionally, it is
necessary to model cases of power loss during the
swing phase of a limb to assess its effect on overall
system stability and explore the possibility of
resuming movement after power restoration."

Conclusion

This study reviewed the problem of maintaining
a stable position for a quadruped robot during straight-
line movement when lifting one of its limbs. An
overview of the latest stabilization methods for
quadruped robots was conducted, highlighting the
relevance of this research topic.

The most commonly wused quadruped
stabilization methods in recent years were examined,
which can be broadly categorized into structural and
algorithmic approaches. Structural methods provide a
relatively simple solution for ensuring stable robot
movement, but they lack universality, requiring either
additional mechanisms or a unique robot design.
Algorithmic methods are more versatile but are often
limited by computational power, power supply
constraints, and the absence of necessary sensors.
Evaluating the drawbacks of the reviewed methods led
to the proposal of a stabilization method that does not
require structural modifications while also minimizing
the computational load on the robot's control system.

The essence of the method involves shifting the
center of mass from its initial position into the support
triangle formed by the robot’s legs during the swing
phase. This is achieved by shifting the support points
of the limbs away from the lifted limb.

The proposed method was implemented in the
movement control algorithm of a quadruped robot that
had stability issues when lifting a limb during
movement. To effectively test the method, a trial
algorithm was developed, incorporating a sequence of
movements for straight-line locomotion. Experimental
studies confirmed that after implementing the
stabilization method, the quadruped remained stable
during straight-line movement. Additionally, an
analysis was conducted on the impact of center-of-
mass displacement on the time required to traverse a
fixed distance. The results highlighted the need for
optimizing displacement values for each limb based
on the complexity of tasks performed.

Unlike  previously reviewed  stabilization
algorithms, the proposed algorithm does not burden
the computational core, does not require additional
structural elements, and can be adapted to various
quadruped designs. Future research will focus on
testing the proposed algorithm in conditions involving
challenging terrains, power loss scenarios, and
changes in the mass or dimensions of structural
elements.
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[IPOTPAMHI ~ AJITOPUTMM  MIJIBUIIEHHS CTIMKOCTI IIPU  TIEPEMIIIEHHI
KPOKYKOUOI'O POBOTA

B poGori po3pobiieHo i BUIpoOyBaHO METOA MiJBHIIEHHS CTIHKOCTI KPOKYIOYOTO poboTa KBagpoIoaa IijJ 4ac mpsimMo-
JiHIAHOTO PYXY 3a paXyHOK MOJEpPHi3allii MPOrpaMHUX alTOpPUTMIB KepyBaHHs. Taki poOOTH 3HAWIUIM MIMPOKE 3aCTO-
CyBaHHS y BIHCBHKOBiH cdepi, pATYBAIBHHUX OIepalisX, OymiBHHUIITBI, POMHCIOBOCTI, JOCTiPKEHHAX Ta HABITH Y IO-
BCAKJACHHOMY XUTTi. [TpoGiiema 3abe3neuenHs CTIHKOCTI TiJ] 9ac pyXy aKTyaJbHa JUIs BCIX THIIB KPOKYIOYHX POOOTIB,
MPOTE OCOOIMBO TOCTPO BOHA TOCTAE caMe y 0imojax Ta KBaApONoAax depe3 KOHCTPYKTHUBHI OCOOTMBOCTI Ta PEXKUMH
(yHKITIOHYBaHHS TaKHX POOOTOTEXHIYHUX CHCTEM.

JlocTmipKy09r TUTaHHS CTIMKOCTI poOoTa KBaaporoaa, 0yjl0 BU3HAYEHO, MO CTIHKICTh MOKHA YMOBHO ITOJUTATH Ha
JUHAMIYHY Ta CTaTUYHY, A€ JMHAMIYHA CTIMKICTh — Ile YTPUMYBAHHS CTIHKOCTI PH JUHAMIYHOMY PYCi Tijia, a cTaTH4-
Ha — IIpY HOTO CTAaTWUYHOMY MOJIOKeHHI. JlJIsl KBaJpoIoa 4acToro po0iIeMol0 € TMaiHHs Ha MiAHATY KiHLIBKY, sKa €
npoOJIEMOI0 CTaTWYHOI CTIMKOCTI, OCKUIBKM L€ IIOB’S3aHO 3 BTPATOIO OJIHIE] OMOPHOI TOYKM NPH BIJCYTHOCTI
nepeMillieHHsI Tijia.

VY crarti OyJi0o NMPOBEACHO OIS IOCIHIKCHb OCTAHHIX POKIB, 3pOOJICHO BHCHOBOK, IIO 3alpOIIOHOBaHI METOIU
MIBUILEHHS CTIHKOCTI KPOKYIOUMX pPOOOTIB yMOBHO MOXKHA PpO3AUIMTH Ha KOHCTPYKTHBHI Ta aJITOPUTMIYHI.
KoHCTpYKTHBHI METOIH € PO3MOBCIOKEHUM PIllleHHSAM IS cTabimizarii poboTa, aie BOHH HE € YHIBEPCAILHUMU 1
moTpeOyIoTh 3MIHM KOHCTPYKIii. AJITOPUTMIYHI METOAW € OibIl YHIBEpCAIHLHHMH, ajie iX BHUKOPHUCTAHHS YacTo
00MEXYy€eThCSI OOUNCITIOBATHFHOIO TIOTYKHICTIO POOOTa, TapaMeTpaMH KHUBJICHHS Ta BiZICYTHICTIO HEOOXITHUX CEHCOPIB.
OIiHUBIIN HEJOJIKHA PO3TIIHYTUX METOJIB, OYIIO 3aIpONOHOBAHO METOJ cTadimi3allii, mo He MoTpedye KOHCTPYKTHB-
HUX Moam(dikariii podoTa Ta He BUMarae BiJl HbOTO BEJIMKOT PO3PaXyHKOBOI MMOTY>KHOCTI.

CyTHICTh METO/y TOJISITAE Yy 3MILEHHI EHTPY MAac BiJl IOYAaTKOBOI'O MOJIOKEHHS Y MEKaX OMOPHOTO TPUKYTHHKA, SKHH
YTBOpPEHO KiHLIBKaMu B (a3i nepenocy. Lle nocsiraeTbes MUITIXOM 3MILIEHHS TOYOK ONOPH KIHIIBOK y OiK MiJHATOI.
3anpornoHoBaHMi METOL OyJIO IMIUIEMEHTOBAHO B allTOPUTM KepyBaHHs pyXoM po0OTa Ta repeBipeHo Ha Mojelii pobo-
Ta KBaJpONoAa, IKUH MaB NpoOJieMy BTPaTH CTIHKOCTI B MOMEHT IEPEHOCY KIHILIIBKM B HOBE MOJIOKeHHS. byio cop-
MOBaHO aJl'OPUTM BHIIPOOYBaHb, 110 BKIIIOYAE MOCITIJOBHICTH PYyXIB JUIs peaizauii nmpsMoJiHIHHOTO MepeMileHHs, a
TaKOX IOBEAEHO IOCIIKCHHS BIUIMBY MapaMeTpy 3MILIEHHS LEHTPY Macu poOOTa Ha 4Yac MPOXOJPKEHHS AISIHKA
(hixcoBanoi moBxuHU. [IpoBeneHi OCTIHKEHHS TTOKa3aIH Mpare3aaTHiCTh Ta €PEKTUBHICTD 3aITPOITOHOBAHOTO METOTY.
Kiwouosi cioBa: HazemHi podotmzoBani kommiekcn (HPK); mporpamuuii anroputM; KpOKyIOUHil poOOT; KBaapoOIOI;
CTIHKICTB; TiJIBUIIIEHHS CTIMKOCTI; TIPOTPpaMyBaHHST; IIEHTP MaccC; aJITOPUTMIYHI Ta KOHCTPYKTUBHI METOIN; MIKPOIIPOIIECOPHA
cucrema.
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