
Article Not peer-reviewed version

Reaction Forces and Apparent Thrust in

Dual Oscillating Control Moment

Gyroscopes

Christopher G. Provatidis *

Posted Date: 2 July 2025

doi: 10.20944/preprints202507.0236.v1

Keywords: Control Moment Gyroscope; Reaction Force; Thrust; Inertial Propulsion

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/3061354


Article

Reaction Forces and Apparent Thrust in Dual
Oscillating Control Moment Gyroscopes
Christopher Provatidis

School of Mechanical Engineering, National Technical University of Athens, 9 Iroon Polytechniou Str., 15780 Athens, Greece;
cprovat@mail.ntua.gr; Tel.: +30-210-772-1520

Abstract

This paper investigates a controversial phenomenon: the supposed generation of thrust from a
symmetric system consisting of two contra-rotating gyroscopes whose spin axes form equal and
opposite polar angles with respect to the axis connecting their supports. An elementary mechanical
model demonstrates that, for this configuration of gyroscopes, an internal moment arises within the
system. This torque, although internally generated, is well known to play a significant role in satellite
attitude control using control-moment gyroscopes (CMGs). The mechanical analysis considers the
system of gyroscopes mounted on a platform or cart, which is supported at its front and rear ends.
In this context, it was found that the resulting dynamic interaction causes unequal reaction forces
at the support points, which do not obey the length-ratio rule predicted by static analysis. Such
behavior can lead to a misinterpretation of a net external thrust, despite the system being closed and
momentum-conserving.

Keywords: control moment gyroscope; reaction force; thrust; inertial propulsion

1. Introduction
Over the past century, humanity’s aspiration for interstellar travel has sparked considerable inter-

est in alternatives to traditional rocket propulsion (e.g., [1,2]). In simple terms, even today, launching a
relatively small spacecraft requires an enormous volume of rockets for propulsion—an inefficiency
that demands a solution. At the turn of the twenty-first century, two major initiatives addressed this
challenge: Project Greenglow at BAE Systems [3–7] and NASA’s Breakthrough Propulsion Physics
program [8–11]. The findings of the latter were compiled into a comprehensive 740-page book [12].

Alternative propulsion methods have been classified into much more than twenty cate-
gories—including Hall thrusters, the Casimir effect, and the EM-Drive—[11,12], one of which is
known as inertial propulsion. The concept of inertial propulsion dates back to the early 1930s in Italy
and Russia and later gained attention in the United States with the controversial "Dean Drive" [13,14],
which proposed that two contra-rotating masses could produce unidirectional motion. In the mid-
1970s, Eric Laithwaite, Professor of Electrical Engineering at Imperial College London, demonstrated
that a heavy gyroscope could be lifted with surprising ease [15–17]. Most historical efforts related to
inertial propulsion have been documented in a comprehensive review [18], while a more recent study
has shown that continuous propulsion cannot be expected from rotating mass particles alone [19].
However, previous studies have not thoroughly explored the potential of gyroscope-based inertial
propulsion.

While BAE Systems and NASA have made their alternative propulsion projects publicly available,
the same cannot be said for Boeing Co. (USA). In October 2014, senior engineer Mike Gamble received
permission from The Boeing Company to publicly disclose information on their control moment
gyroscope (CMG) research. This disclosure took place in August 2015 and provided historical insight
into Boeing’s CMG work [20]. As he noted in his authorized presentation: “The work started back in the
1960s and continued into the 1990s. The presenter got involved with it in 1995 when he took over operations of
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the Guidance, Navigation, and Controls (GN&C) lab at the Boeing Kent (WA) Space Center. This lab and the
building that housed it were badly damaged in the 2001 Seattle earthquake and later demolished.” [20].

At the same conference, the same author presented a second paper [21], from which Figure 1 is
derived, with his kind permission. It illustrates the sawtooth-shaped input torquing rate waveform
(referred to as "scissoring") used to generate a pulsed output force. He claimed that by applying torque
rapidly in one direction and slowly in the other, a pulsed (average) output force is produced—similar
in waveform to that observed in systems involving rotating masses.

Figure 1. The average thrust produced by the gyro scissor operation (from [21] with permission).

Furthermore, between 2017 and 2020, a series of four conference papers documented the develop-
ment and testing of several alternative prototypes [22–25]. Each prototype featured a wheeled cart
equipped with a differential control moment gyroscope (CMG). In these designs, the pair of CMGs did
not rotate continuously through a full circle but instead oscillated in a contra-rotating manner within
the range of [−45◦, 45◦]. To the best of our understanding, the main conclusions are as follows:

• When the intended thrust is upward, the average reaction force at two of the four cart wheels is
also directed upward, consistent with the behavior shown in Figure 1.

• When the intended thrust is horizontal, the oscillation of the eccentrics results in smooth, con-
tinuous rolling of the cart along the ground (video-recorded in [25]). This effect is attributed to
frictional forces, similar to those involved in human locomotion.

The purpose of this paper is to provide a detailed explanation of the first observation above,
which has led some authors to persistently suspect that Newton’s third law may be violated in the
operation of control moment gyroscopes (CMGs).

Extensive research has been conducted on Control Moment Gyroscopes (CMGs), with much of
the work completed up to 2015 compiled and organized in the book by Leve et al. [26]. Key lessons
learned from the use of CMGs on the International Space Station (ISS) were reported in 2010 by three
industrial partners, including The Boeing Company [27]. Around the same time, NASA and Boeing
also reported on on-orbit propulsion systems and momentum management strategies for the ISS [28].

Scissored-pair control moment gyroscopes (also known as twin gyroscopes) have existed for
over a century. Brennan’s monorail system [29] employed two counter-rotating flywheels with in-
terlinked gimbals to achieve symmetric stabilization during left or right turns. Like any CMG array,
a scissored pair generates attitude-control torque by exchanging angular momentum with the host
body. During the Skylab era, the Astronaut Maneuvering Research Vehicle utilized scissored pairs for
attitude control [30]. These configurations have also been investigated as gyrodampers for large space
structures [31].
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In robotic applications with single revolute joints, where torque is required along a single axis,
the symmetry inherent in a scissored pair enables torque generation without producing significant
reaction torques in the robot itself. Such systems are capable of rapidly reorienting a payload with
reduced power requirements compared to maneuvering the entire spacecraft [32]. Subsequent studies
on this concept were conducted by Brown and Peck [33,34].

A recent layman-friendly explanation of CMGs and their role aboard the International Space
Station (ISS) has been presented by National Geographic [35]. It emphasizes that the change in
orientation caused by gyroscopic axle motion is primarily powered by solar energy, thus eliminating
the need for propellant consumption.

It is important to note that, despite changes in orientation, the satellite’s center of mass remains
at a constant distance from the nearest planetary body and is therefore not directly propelled in the
radial direction. However, by altering the satellite’s orientation, CMGs can indirectly influence its
trajectory and position over time—particularly when combined with additional mechanisms that
exploit orientation changes, such as gravity-gradient stabilization, solar sails, electrodynamic tethers,
or auxiliary thrusters.

In the context of spacecraft propulsion, and in addition to the aforementioned methods, electroly-
sis propulsion [36] involves the use of electrical energy to dissociate water (H2O) into its constituent
elements—hydrogen (H2) and oxygen (O2). These gases can subsequently be employed as propellants
in a thruster system. Unlike the previously discussed methods, which primarily alter orientation
without affecting the spacecraft’s center of mass, electrolysis propulsion results in the expulsion of
mass and can thus induce a shift in the spacecraft’s center of mass and produce net translational
acceleration [37].

In addition to the aforementioned contributions, the team at the Georgia Institute of Technology
(USA) has made significant advances in singularity avoidance and steering laws, nonlinear control
techniques, fault-tolerant control, CMG array configurations and dynamics, as well as comprehensive
reviews of CMG technologies [38–42]. Furthermore, researchers from the United Kingdom have
contributed notably to the development of CMG systems, particularly in the context of small satellite
platforms and advanced control strategies [43–45].

Beyond space applications, experimental terrestrial setups have also been developed, such as
those aimed at stabilizing walking robots [46]. Early research explored the possibility that gyroscopes
could generate net thrust [47], but later efforts focused on utilizing the angular momentum of flywheel
gyroscopes for purposes such as vibration isolation in vehicles [48] and stabilization in two-wheeled
self-balancing robots [49].

It is important to note that the mechanical analyses in the abovementioned literature are primarily
limited to internal torque effects, with little or no discussion of the externally induced inertial forces.
In contrast, the core focus of the present paper lies in the analysis of the net force generated by such
systems.

As stated earlier, the objective of this paper is to offer a consistent explanation—grounded in
Newtonian mechanics—for the observed reinforcement of one of the support reactions of a cart-
mounted CMG. Obviously, if the same had been demonstrated for the entire cart, this would eliminate
any remaining doubts about a CMG’s potential to produce inertial propulsion and induce motion of
the system’s center of gravity.

2. Materials and Methods
2.1. General

We present a simplified setup of a dual gyroscope mounted on a cart, inspired by the excellent
work (design, manufacturing, and assembly) of Mike Gamble and his partner Dr. Tom Valone on a
tabletop version of a newly designed CMG (a simplified miniature of the old one destroyed in 2001
at Boeing’s premises), which was orally presented in a series of talks in International Conference on
Future Energy (COFE) [21–25]. Nevertheless, the proposed setup has not been confirmed by them,
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which means that it may differ from the prototypes to an unknown extent, and thus the mechanical
model is the author’s responsibility.

We consider a right-handed Cartesian coordinate system Gxyz, originated at the centroid G of a
wheeled cart, where y is the upward vertical axis. Let ABCD be the top view of a cart (on horizontal
plane Gxz), on which two contra-rotating gyroscopes are mounted (see, Figure 2). On the upper
horizontal surface of the cart, we consider two parallel spindles (with axes A′D′ and B′C′) which
contra-rotate in their corresponding cage, firmly connected to the cart. Perpendicularly to each of these
two shafts, is pivoted the axle of the corresponding gyroscope, the first (O1L) at the left shaft A′D′ and
the second (O2R) at the right shaft B′C′. In other words, the illustrated symbols (L) and (R) refer to the
left and right spinning wheel, respectively.

Figure 2. Location of gyroscopes for polar angle: (a) θ = 0, (b) θ > 0.

Although the system is primarily designed for testing vertical thrust, the cart is equipped with
wheels to allow for horizontal thrust evaluation as well (toward z-direction), thereby enhancing
generality. The cart supports rigid mounting plates (not shown) that carry the twin Control Moment
Gyroscope (CMG) system, as illustrated in Figure 2:

• The propulsion system consists of two identical gyroscopes that undergo controlled rotation
(forced precession) about parallel spindles, positioned at the same height above the horizontal
ground. The ideal geometric axis of each spindle is fixed relative to the cart. As is customary, each
spinning wheel is housed within a circular ring, with its spin axis mounted on a gimbal. These
two frames are mutually perpendicular and behave as a rigid body with one degree of freedom θ

(see the third bullet below for further details).
• Each gyroscope is spun by an electric motor (driver) mounted on the gimbal, maintaining a nearly

constant spin rate, ωrotor.
• The single degree of freedom θ for each gyroscope (illustrated in Figure 2b), along with the

associated spindle rotation, is actuated by a servomotor. This torquer is applied at the intersection
point between the circular ring and the gimbal.

• When the axes of the synchronized gyroscopes are coaligned, they share the same magnitude and
direction of angular velocity ω (see, Figure 2a). Nevertheless, on the left gyrocope (L) the vector
of angular momentum is directed from the pivot O1 toward the spinning wheel, whereas on the
right gyroscope (R) from the spinning wheel to the pivot O2.

2.2. Differential Torques

Next is the detailed mechanical analysis of differential torques. Note that the ends of the two
spindles are pivoted to the cart, at a separation distance D in the x-direction. Quite schematically,
Figure 3 illustrates the vertical plane on which the two gyroscopes rotate about the axes (spindles)
oriented in the horizontal direction and passing through the points L (left) and R (right), which here
are the same as the points O1 and O2 illustrated earlier in Figure 2. For the sake of easiness, we assume
that the center of gravity G lies in the middle of the segment (LR) and, obviously, it always remains
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at the same position (actually it merely oscillates along the y axis). By construction, the gyroscopes
perform rotations of 90 degrees, and thus for the polar angle we have −45◦ ≤ θ ≤ 45◦.

When θ = 0◦ (horizontal axles), the spins of the gyroscopes are in the same x-direction, as shown
by the blue-colored arrows in Figure 2a as well as in Figure 3a. In the general case, setting the symbols−→
i and

−→
j to represent the unit vectors in the directions x and y, respectively, given magnitude of the

angular momentum of the rotor, Lrotor, for the arbitrary polar angle θ we have the following momenta
for the left and the right gyroscopes:

Point L:
−→
L left = Lrotor(cos θ

−→
i + sin θ

−→
j ) (1)

and
Point R:

−→
L right = Lrotor(cos θ

−→
i − sin θ

−→
j ) (2)

Therefore, the total (resultant) angular momentum becomes (see also Figure 3b):

−→
L res =

−→
L left +

−→
L right = 2Lrotor cos θ

−→
i . (3)

As a result, the application of Newton’s second law (in rotation) on the gyroscope results in

−→τ int =
d
−→
L res

dt
= −

(
2Lrotorθ̇ sin θ

)−→
i , (4)

where θ̇ = ωservo is the angular velocity of the servomotor which controls the function θ(t).
Based on Newton’s third law, the internal torque applied from the gyroscopes to the cart will be

the algebraically negative of that in Eq. (4), and thus

−→τ cart = −−→τ int =
(
2Lrotorθ̇ sin θ

)−→
i . (5)

Therefore, the fully controlled motion of the dual gyroscopic system leads to an internal torque −→τ cart

(given by Eq. (5)), which is entirely transmitted to the cart.
Considering Eq. (5), the well known formula:

Lrotor = Irotorωrotor , (6)

and also the above definition θ̇ = ωservo, we eventually have:

−→τ cart = −−→τ int = (2Irotorωrotorωservo sin θ)
−→
i . (7)

Although the longitudinal vertical plane Gyz, which is located in the middle of the distance D, is a
plane of symmetry (geometrically), due to the same chosen direction of the spin vectors, the total
change of the total (resultant) angular momentum

−→
L res is a vector

−→τ int = (∆
−→
L rotor)L + (∆

−→
L rotor)R , (8)

which points in the negative direction of the horizontal x-axis, as shown in Figure 3b. This is also
illustrated by the internal torque −→τ int shown on the left side of Figure 3a, and is given by:
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Figure 3. Angular momenta: (a) of each contra rotating gyroscope and (b) change of the total momentum.

−→
L res = (2Lrotor cos θ)

−→
i

= (2Irotorωrotor cos θ)
−→
i . (9)

2.3. On the Modelling the Inertial Forces

In general, for the problem under consideration, inertial forces are distinguished in two sets, as
follows:

1. Due to rotating masses (Dean-drive term). This kind will be discussed below in current sub-
section.

2. Due to gyroscopic motion. This kind was covered above in sub-section 2.2.

The contra-rotating gyroscopes –accompanied with their corresponding driver motor– induce
inertial forces, which can be easily determined by the kinematic restriction:

y = r sin θ , (10)

where r is the eccentricity of the rotating mass m.
Therefore, the total inertial force (from both gyroscopes, each of mass m), which is exerted as a

supposed external force on the cart, will be:

Finertial = −2mÿ = 2mr
(
−θ̈ cos θ + θ̇2 sin θ

)
. (11)

Note that m is the concentrated mass of each gyroscope plus the corresponding driver motor, and r is
the eccentricity of the center of mass of this rotating system. The factor 2 was set due to the contribution
of two gyroscopes. Moreover, it is noted that the force components on the horizontal plane Gxz are
cancelled due to the contra-rotation.

Since it is not clear how the angular velocity ω = θ̇ = ωservo is controlled to vary, in this paper
we shall adopt the following two models:

1. Approximate Model: Constant angular velocity per phase: one high for rise and another low for
reset.

2. Exact Model: Variable angular velocity, which vanishes at the ends of the angular oscillation
(θmin, θmax), where the polar angle θmax corresponds to the transition from ‘rise’ to ‘reset’.
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2.4. Dynamic Equilibrium: Newton’s Laws

Let us consider the static equilibrium of the cart in which the external excitation force is the sum
of the downward total dead weight (−Fg) plus the vertical components of the two contra-rotating
radial inertial forces toward the vertical y-direction:

−→
F excite =

(
−Fg + Finertial

)−→
j , (12)

At this point, we distinguish the abovementioned two cases, i.e. of piecewise-constant or variable
angular velocity ω(t).

2.4.1. Approximate Model: Piecewise-Constant Angular Velocity

In this case, by virtue of Eq. (11) in conjunction with θ̈ = ω̇ = 0, Eq. (12) becomes:

−→
F excite =

(
−Fg + 2mω2r sin θ

)−→
j , (13)

where ω = ωservo = θ̇ represents the speed of the servomotor and r is the eccentricity of each rotating
mass. Then, the torque equilibrium by the front force (Ffront) and the rear force (Frear) gives

−Ffrontl1 + Frearl2 + τcart = 0 , (14)

while the force equilibrium in the vertical y-direction implies:

Ffront + Frear + Fexcite = 0 . (15)

Solving the linear system of Eq.( 14) and Eq. (15), the analytical expressions for the two reaction
forces become:

Ffront = − Fexcitel2 + τint

l1 + l2
, (16)

and
Frear = − Fexcitel1 − τint

l1 + l2
. (17)

Splitting the excitation force Fexcite in static and centripetal (Dean-drive) terms, and then substituting
τint by the algebraic value of Eq. (4), the set of Eqs. (??) and (??) becomes:

Ffront =
l2

l1 + l2
Fg +

[
l2

l1 + l2

(
−2mω2r sin θ

)]
+

2
l1 + l2

Lrotorω sin θ , (18)

and

Frear =
l1

l1 + l2
Fg︸ ︷︷ ︸

Static term

+

[
l1

l1 + l2

(
−2mω2r sin θ

)]
︸ ︷︷ ︸

Dean-drive term

− 2
l1 + l2

Lrotorω sin θ︸ ︷︷ ︸
Gyroscopic term

. (19)

Before going on, it is worthy to mention that usual contra-rotating inertial drives (called Dean drives)
operate at constant angular velocities. Due to this fact, in this paper we have called the first term in
Eqs. (18)-(19) as ‘Dean-drive term’, because it refers only to centripetal forces produced by the rotation
of the out-of-balance concentrated mass 2m.

One may observe in Eqs. (18)-(19) that:

• Both reaction (ground) forces at the front and rear ends of the cart are influenced by the inertial
forces (2mω2r sin θ) as well as the gyroscopic term (Lrotorω sin θ).

• While in the Dean drive the excitation force is distributed proportionally to the lever lengths (l1
and l2) as shown by the second terms inside the square brackets, the asymmetry due to the internal
torque (directed to the negative of x-axis) –imposed by the operation of the dual gyroscopes–
results in an equal differentiation of the reaction forces at front (with sign +) and rear (with sign -)
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supports. In other words, what is lost at the front support is gained at the rear support, and vice
versa.

• When sin θ > 0 (i.e., axles beyond the horizontal level), if we isolate the out-of-balance mass
(Dean drive term), it relieves both the front and rear reaction forces. Nevertheless, the additional
gyroscopic term operates as follows: the front reaction force Ffront further decreases while the
(previously decreased by the Dean-drive term) rear force Frear now increases. The latter finding is
in accordance with the experimental results reported by the creators of the prototypes [22–25],
and thus the above discussion demystifies them.

• The algebraic sum of the two reaction forces in Eqs. (18) and (19) causes the deletion of the
gyroscopic term, and thus is the same term as in the Dean drive.

• For given ω = ωservo, the difference between the Dean drive effect and the gyroscopic effect,
highly depends on the spin (ωrotor) and thus on the associated angular momentum Lrotor.

2.4.2. Exact Model: Variable Angular Velocity

To meet the initial conditions where gyroscope’s frame must be at rest when arriving at the ends
of the oscillation, a promising approach is to interpolate the polar angle θ(t) between the endpoint
values θmin and θmax using Hermite polynomials:

θ(ξ) = (2ξ3 − 3ξ2 + 1)θmin + (−2ξ3 + 3ξ2)θmax , (20)

where ξ is a parameter which refers to the portion of elapsed time t:

ξ =
t

Trise
, with 0 ≤ ξ ≤ 1 . (21)

Therefore, the angular velocity is given as:

ω(t) =
dθ

dt
=

dθ(ξ)

dξ

dξ

dt

=
(6ξ2 − 6ξ)θmin + (−6ξ2 + 6ξ)θmax

Trise
, (22)

whereas its derivative is as follows:

ω̇(t) = θ̈(t) =
dω

dt
=

dω(ξ)

dξ

dξ

dt

=
(12ξ − 6)θmin + (−12ξ + 6)θmax

T2
rise

. (23)

One may easily verify that at the initial time (ξ = 0) and final time (ξ = 1) of the oscillation from θmin

to θmax, Eq. (22) implies the desired stationary condition ω = 0, and thus can be used for the purposes
of this simulation.

Similar considerations may be assumed for the reset phase as well. Then, the initial state is θmax,
the final is θmin, whereas the elapsed time is Treset.

In the general case of variable angular velocity ω(t), the reaction forces become:

Ffront =
l2

l1 + l2
Fg +

l2
l1 + l2

2mr
(

ω̇ cos θ − ω2 sin θ
)
+

2
l1 + l2

Lrotorω sin θ , (24)

and
Frear =

l1
l1 + l2

Fg︸ ︷︷ ︸
Dead-weight term

+
l1

l1 + l2
2mr

(
ω̇ cos θ − ω2 sin θ

)
︸ ︷︷ ︸

Dean-drive term

− 2
l1 + l2

Lrotorω sin θ︸ ︷︷ ︸
Gyroscopic term

. (25)
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2.5. Operation

In the beginning of each cycle (period) at time t = 0, both axles (O1L and O2R) are simultaneously
found at polar angle θ = θmin, and progressively move upwards until the position θ = θmax at time
t = Trise. In this upward phase, the mean average angular velocity is ωrise. To give priority to the
rising up phase, the gyroscopes’ axles return to their initil position θ = θmin at smaller speed ωreset

(i.e., |ωreset| < |ωrise|), which obviously is of negative sign (i.e., ωrise > 0, ωreset < 0). The procedure is
schematically shown in Figure 4.

Figure 4. Operation of gyroscopes for one period (θmin = −45◦, θmax = 45◦).

2.6. Impulse of Reaction Forces
2.6.1. Approximate Model

A close look at Eqs. (18)-(19)–in the Approximate Model–reveals that the sum of the two reaction
forces is not affected by the gyroscopic terms, because they cancel one another; practically they
compose a couple of equal and opposite forces which cancels τint. Therefore, the total vertical inertial
force Ftot = Ffront + Frear is influenced only by the measure of total centripetal force 2mω2r and the
instantaneous polar angle θ.

Equations (18)-(19) are based on the assumption of constant angular velocity ω, otherwise its
temporal velocity ω̇ must be considered.

The total impulse of the reaction forces is given by:

Itot =
∫ T

0
[Ffront(t) + Frear(t)]dt , (26)

where T = Trise + Treset is the period. In more details, for each phase of motion, by integrating Eq. (18)
and (19), we have:

I. Rise phase: θmin → θmax

Irise
front =

[
2l2mrωrise

l1 + l2
− 2Lrotor

l1 + l2

]
(cos θmax − cos θmin) , (27)

Irise
rear =

[
2l1mrωrise

l1 + l2
+

2Lrotor

l1 + l2

]
(cos θmax − cos θmin) . (28)

II. Reset phase: θmax → θmin

Ireset
front =

[
2l2mrωreset

l1 + l2
− 2Lrotor

l1 + l2

]
(cos θmin − cos θmax) , (29)

Ireset
rear =

[
2l1mrωreset

l1 + l2
+

2Lrotor

l1 + l2

]
(cos θmin − cos θmax) . (30)
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In general, comparing Eq. (27) with Eq. (29), we obtain:

Irise
front = −Ireset

front . (31)

Also, comparing Eq. (28) with Eq. (30), we obtain:

Irise
rear = −Ireset

rear . (32)

Adding Eq. (31) and Eq. (32) by parts, we obtain:

Irise
front + Irise

rear = −
(

Ireset
front + Ireset

rear
)

, (33)

which means that the impulse of both reaction forces in rise is equal and opposite to the impulse in
reset. Therefore, as a general rule, whatever is probably gained in rise, is then lost in reset.

Obviously, if θmin = −45◦ and θmax = 45◦, each term in Eqs. (27)-(30) vanishes, and therefore
the total impulse of inertial forces within a period is zero. In contrast, if –for example– θmin = 0◦ and
θmax = 45◦, the impulse in each phase is different than zero, but again the total impulse per period is
zero.

It is noted that the above discussion suffers from the fact that the assumed constant angular
velocities do not satisfy the initial conditions of zero values at the initial (t = 0), the transitional
(t = Trise) and the final position (t = T = Trise + Treset), in each phase.

2.6.2. Variable Angular Velocity

To avoid the abovementioned complication regarding the definition of the function ω(t), we
make the very reasonable assumption that the angular velocity exhibits even symmetry with respect to
the polar angle θ, i.e.:

ω(θ) = ω(−θ) . (34)

The above assumption is consistent with physical reality: the mechanical system must be at rest at
θ = θmin (having just completed its downward motion), then its angular velocity gradually increases
to a constant value ωrise during the upward motion, and eventually decreases to zero at θ = θmax (as it
must reverse direction to initiate the next downward motion), and so on.

Mathematically, the above reasonable assumption (i.e., Eq. (34)) implies that the integrands
(ω2 sin θ) and (ω sin θ) are odd functions (because sin(θ) = − sin(θ)), and thus the time-integral of
each reaction force (i.e., the impulse), due to both the Dean-drive and gyroscopic terms, in a period T
vanishes.

Regarding the proposed closed-form analytical formula given by Eq. (20), it is easy to verify that
it can also be written as follows:

ω(ξ) =
6(θmax − θmin)ξ(1 − ξ)

Trise
, 0 ≤ ξ ≤ 1 . (35)

Moreover, setting

ξ =
1
2
(ξ ′ + 1) (36)

it is trival to show that the function f (ξ) = ξ(1 − ξ) is also written as f (ξ) = 1
4 (1 − ξ ′2). Obviously,

this is an even function in ξ ′ and also an even function in θ, because it fulfils the condition of Eq. (34).
Therefore, the produced impulse over an entire period will vanish.

2.6.3. The Most General Case

The above choice of Hermite polynomials ensures an angular velocity ω(t) which exhibits even
symmetry with respect to the polar angle θ, i.e., satisfies Eq. (34). However, the aforementioned
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condition is not absolutely necessary, because any other piecewise continuous function leads to zero
impulse of the reaction force due to the inertial forces.

Actually, regarding the gyroscopic term, since ω(t) = dθ
dt , the corresponding impulse within a

period T is written as follows:

Igyro =
∫ T

0

2Lrotor

l1 + l2
ω sin θdt

=
2Lrotor

l1 + l2

(∫ θmax

θmin

sin θdθ +
∫ θmin

θmax
sin θdθ

)
≡ 0 . (37)

Therefore, the foregoing elementary analysis indicates that no net impulse is generated by the gyro-
scopic inertial forces. From a physical point of view, this is obvious considering the couple of equal
and opposite reaction forces which withstands τint.

Let us now see what happens with the Dean-drive type of inertial forces, due to the rotating
concentrated mass 2m. To answer this question in a mathematical manner, the corresponding parts in
Eq. (24) and Eq. (25) are written as follows:

FDean
front =

l2
l1 + l2

2mr
(

ω̇ cos θ − ω2 sin θ
)
=

l2
l1 + l2

2mr
(
θ̇ cos θ

)̇
, (38)

and
FDean

rear =
l1

l1 + l2
2mr

(
ω̇ cos θ − ω2 sin θ

)
=

l1
l1 + l2

2mr
(
θ̇ cos θ

)̇
. (39)

Therefore, when integrating Eqs. (38) and (39) with respect to time t, the integral is canceled by the
time derivative, and thus the total impulse becomes proportional to

(
θ̇ cos θ

)
:

IDean
front =

2mrl2
l1 + l2

∫ T

0

(
θ̇ cos θ

)̇
dt =

2mrl2
l1 + l2

[
θ̇ cos θ

]θmax
θmin

. (40)

Since the initial and the final values are characterized by the condition θ̇ = 0, it is obvious that Eq. (40)
dictates that the total impulse of the Dean-drive term at front support will vanish. Similar conclusion
can be derived for the rear support as well (i.e., IDean

rear = 0).
Remark: Equation (40) shows that the impulse of the Dean-drive type inertial forces vanishes

between any two states of vanishing angular velocity (θ̇ = 0). This case is met between t = 0 and
t = Trise, between t = Trise and T = Trise + Treset, and so on.

3. Numerical Simulation
In this section we study two characteristic cases, as follows:

1. Axle oscillation in the interval [θmin = −45◦, θmax = 45◦].
2. Axle oscillation in the interval [θmin = 0◦, θmax = 45◦].

We apply (i) the Approximate model, which assumes constant angular velocities per phase (rise and
reset), and (ii) the Exact model, which considers time varying angular velocity which fulfils the initial
conditions (Hermite polyomials).

3.1. General Data

Following [22–25] as an example, the data are as follows:

• Mass of gyroscope’s frame: mframe = 33 g,
• Mass of gyroscope’s rotor: mrotor = 112 g,
• Mass of motor driver: mdriver = 200 g,
• Length of motor driver: lmotor = 58.2 mm,
• Rotor’s outer diameter: Dout = 53.0 mm,
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• Rotor’s inner diameter: Din = 41.3 mm,
• Rotor speed: ωrotor = ωspin = 16, 000 RPM,
• Frame’s outer diameter: Dframe

out = 62.5 mm,
• Length of front end to centroid: l1 = 0.2541 m,
• Length of rear end to centroid: l2 = 0.139755 m (i.e., l2 = 0.55 × l1).
• Time for rising phase: Trise = 0.1 s.
• Time for reset phase: Treset = 0.6 s.

3.2. Elementary Calculations

Based on the abovementioned data, the total oscillating mass (gyroscope plus motor driver) is:

m = mframe + mrotor + mdriver = 33 + 112 + 200 = 345 g = 0.345 kg . (41)

The rotational inertia of gyroscope’s rotor is:

Irotor =
1
2

mrotor

(
R2

in + R2
out

)
= 0.5 × 0.112 × ((41.3/2000)2 + (53.0/2000)2)

= 6.3205 × 10−5 [kg m2] . (42)

The angular momentum of gyroscope’s rotor is:

Lrotor = Irotorωspin

= (6.3205 × 10−5)× (16, 000 × π

30
)

= 0.10590 [kg m2/s] . (43)

Regarding the eccentricity r which is involved in Eq. (18) and (19), the former is produced by
the frame of mass mgyro = 0.145 kg at radius rgyro = 0 and the (assumed cylindrical) motor of mass
mmotor = 0.2 kg and length lmotor = 0.0582 m. Due to the radius of the frame at which the motor is
attached, the center of mass of the aforementioned motor is eventually at radius:

rmotor =
(Dout + lmotor)

2
=

0.0625 + 0.0582
2

= 0.06035 m . (44)

Therefore, applying the well-known rule for the center of mass of the system “gyro + motor”, the
latter will give an eccentricity equal to:

r =
0.145 × 0 + 0.200 × 0.06035

0.145 + 0.200
≈ 0.035 m , (45)

while the rotating eccentric mass is

m = mgyro + mmotor = 0.145 + 0.2000 = 0.345 kg . (46)

Therefore, the useful magnitude is:

mr = 0.345 × 0.035 = 0.01207 [kgm] . (47)

Alternatively, the same result could be obtained when considering only the rotating eccentric mass
of mdriver = 0.2 kg which is at distance rmotor = 0.06035 m, so that mdriver × rmotor = 0.2 × 0.06035 =

0.01207 [kgm] (i.e., the same as Eq. (47)).
Remark: While the data employed in this work are adapted from a previously reported prototype

study [22–25], which involved a sophisticated design and integration process, it is important to
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underscore that the specific numerical values presented in Eqs. (41)–(43) are not critical to the overall
conclusions of this paper. That is, the oscillating mass m has been chosen to be consistent with the
associated angular momentum Lrotor of the gyroscope’s rotor; however, any other compatible pair
(m, Lrotor) would serve equally well.

3.3. Numerical Implementation of the Approximate Model

To derive numerical results using Eq. (18) and (19) for the piecewise-constant model, a computer
program was developed according to the following algorithm:

1. Split the rising interval Trise = 0.1 s (100 ms) into 100 equal segments, thus using a time step
equal ∆t = 0.001s.

2. At the end of the i-th time step calculate the current time instant by t = i∆t.
3. Find the current polar angle by θi = θmin + i∆t.
4. Find the inertial force of Dean drive by Fi = 2mω2

riser sin θi.
5. Find the differential gyroscopic torque by ∆τi = 2Lmotorωriser sin θi.
6. Find the total vertical reaction force of the cart by (Fi)tot = (l2/l1)Fi − ∆τi/l1.
7. Find the vertical reaction force at the rear support by (Fi)rear = [Fg − Fi + ∆τi/l1]/(1 + l2/l1).
8. Find the vertical reaction force at the front support by (Fi)front = Fg − Fi − (Fi)rear.
9. Continue with the reset phase of the first cycle, in which ωrise is replaced by ωreset, the updated

initial polar angle is θmax and the final θmin, while the new interval Treset is divided into 600 equal
time steps.

The weak point of this algorithm is the abrupt change of the angular velocity from ωrise to ωreset,
within the first cycle. Keeping the time scale invariable as that in Figure 5 (Trise = 0.1 s, Treset = 0.6 s),
the value ωrise depends on the angle interval [θmin, θmax], so that:

ωrise =
(θmax − θmin)

Trise
, (48)

whereas

ωreset =
(θmin − θmax)

Treset
= −1

6
ωrise , (49)

Clearly, in the rise phase (within Trise = 0.1 s) the driver motor rotates from θmin to θmax. Furthermore,
in the reset phase (within Treset = 0.6 s) the driver motor rotates in the opposite direction, from θmax to
θmin, and thus returns to its initial position. Then, the next cycle is repeated, and so on.

Choosing (θmin = −45◦, θmax = 45◦) in conjunction with a total period of 0.7 s (Trise =

0.1 s, Treset = 0.6 s), Eq. (48) leads to ωrise = 15.7 rad/s, whereas Eq. (49) results in ωreset = −2.6
rad/s, respectively, when the piecewise-constant model (Sect. 2.4.1) is applied.

Note: To avoid confusion due to the small magnitude of the inertial forces, in the next diagrams
the dead-weight Fg and the associated reaction forces are not included. In other words, the plotted
reaction forces are only due to the inertial effect. Obviously, the total reaction forces is the superposition
of the static and the inertial terms.

3.4. Servo Oscillation for (θmin = −45◦, θmax = 45◦)

Applying the Approximate and the Hermite-polynomials (Exact) model, the corresponding
calculated variation of the polar angle θ(t) is illustrated in Figure 5. One may observe the close
matching between the two models, as well as the fact that actually we have θmax = −45◦ ≤ θ ≤ θmax =

45◦.
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Figure 5. Sawtooth output of servo controller torquer (angle θ(t) in one period: rise and reset).

Moreover, for both models the calculated angular velocity ω(t) for an entire period of T = 0.7 s
is illustrated in Figure 6. One may observe that the abovementioned constant angular velocities, i.e.,
ωrise = 15.7 rad/s and ωreset = −2.6 rad/s, are also the average values of the corresponding parts
(rise, reset) when the Hermite-polynomials based model (Sect. 2.4.2) is applied.
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Figure 6. Variation of the angular velocity ω(t) for one period (θmin = −45◦, θmax = 45◦).

Furthermore, for both models, the variation of the internal torque is illustrated in Figure 7. One
may observe that the Approximate model cannot accurately simulate the initial (zero) angular velocity,
but in general, is in good accordance with the Hermite model.
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Figure 7. Variation of the internal torque τint(t) for one period, using two alternative models (θmin = −45◦, θmax =

45◦).

Based on the abovementioned internal torque and Dean-drive inertial term, Figure 8 presents the
two computed vertical components (front, rear) of the inertial force using the Approximate model,
while Figure 9 shows the corresponding results obtained from the Hermite model. In general, negative
values indicate a downward support force acting on the cart, suggesting that the cart tends to lift. In
contrast, positive values correspond to an upward support force, implying a tendency for the cart to
move downward. Despite differences between the two models, the front support consistently exhibits
smaller force magnitudes, thus giving the impression that it is less loaded.
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Figure 8. Variation of the reaction forces Ffront(t) and Frear(t), due to inertial effect, for one period, using the
Approximate Model (θmin = −45◦, θmax = 45◦).
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Figure 9. Variation of the reaction forces Ffront(t) and Frear(t), due to inertial effect, for one period, using the
Hermite Model (θmin = −45◦, θmax = 45◦).

3.5. Servo Oscillation for (θmin = 0◦, θmax = 45◦)

Keeping the same durations, i.e., Trise = 0.1 s and Treset = 0.6 s, for both models, the same results
with those of Sect. 3.4 are illustrated in Figures 10–14. Since the duration of the rise phase remains the
same for a halved angle, the average angular velocity and the internal torque are reduced by half. At
the end, it can be observed that the rear support exhibits more negative values with larger absolute
magnitudes, which gives the impression that the front support’s magnitude increases, while that of
the rear support decreases.
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Figure 10. Sawtooth output of servo controller torquer (angle θ(t) in one period: rise and reset).
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Figure 11. Variation of the angular velocity ω(t) for one period (θmin = 0◦, θmax = 45◦).
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Figure 12. Variation of the internal torque τint(t) for one period, using two alternative models (θmin = 0◦, θmax = 45◦).
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Figure 13. Variation of the reaction forces Ffront(t) and Frear(t), due to inertial effect, for one period, using the
Approximate Model (θmin = 0◦, θmax = 45◦).
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Figure 14. Variation of the reaction forces Ffront(t) and Frear(t), due to inertial effect, for one period, using the
Hermite Model (θmin = 0◦, θmax = 45◦).

4. Discussion
First, when the cart is stationary, the front and rear static reaction forces are distributed in

proportion to the respective lever arm lengths between the supports and the center of gravity. Sec-
ond, when a pair of contra-rotating masses is activated, the resulting first component of the inertial
force—resembling that of a Dean drive—is also distributed between the front and rear supports accord-
ing to the same lever-arm-based proportionality as the static case. Third, when these contra-rotating
masses additionally undergo gyroscopic motion, a second component of the inertial force is generated.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 July 2025 doi:10.20944/preprints202507.0236.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0236.v1
http://creativecommons.org/licenses/by/4.0/


19 of 23

This force component is symmetrically shared between the front and rear supports such that any
reduction in force at one support corresponds to an equal increase at the other.

Using two alternative models—one approximate and the other fully compliant with the initial
conditions—this study has demonstrated that the generation of internal gyroscopic torque leads to
equal-magnitude variations in the support forces (i.e., a couple of equal and opposite forces). It was
found that the apparent ‘weight loss’ highly depends on the interval of axles’ oscillation. Specifically,
when −45◦ ≤ θ ≤ 45◦, the front support, which has the longer lever arm, experiences a local reduction
in load, while the rear support correspondingly bears an increased load, locally. In contrast, when
0◦ ≤ θ ≤ 45◦, the situation is reversed.

Having established the behavior of the maximum force values, it is important to emphasize that,
over a full cycle, the time integral of the force at each support vanishes. Consequently, since the net
impulse is zero, no net thrust is generated by this device.

Regarding the previously reported net thrust (cf. Figure 1), it should also be noted that in any
experimental realization of the reported setup—or a similar configuration—the static (dead-weight)
component at each support must be carefully subtracted. For example, if the subtracted value at the
front support is even slightly underestimated, the measured force will not only appear reduced, but its
time integral will deviate from zero. This may falsely indicate the presence of a net thrust.

It should be emphasized that there was no intention to undermine the value of prior scientific
and technical contributions, as the objective was pursued in good faith. Comparable efforts in the
area of inertial propulsion have been undertaken in various countries, as discussed in the following
paragraphs.

In a previous study regarding inertial propulsion [18], it was reported that efforts to extend the
distance traveled through mechanical means date back to ancient times, notably during the Olympic
Games. More structured attempts began in Europe during the 1930s and later continued in the
United States in the early 1950s [18]. The so-called Dean drive refers to a system composed of two
contra-rotating masses that generate an oscillatory unidirectional force, which is proportional to
the square of the angular velocity (ω2) [13,14]. Although it has been claimed that such devices are
capable of producing thrust and thereby propelling a vehicle, detailed analyses—including those in
Ref. [18]—demonstrate that any observed movement is attributable solely to the initial velocity of the
rotating masses, rather than sustained propulsion. In simple words, the operation of the contra-rotating
masses mimic a spring-mass system on the ground. Considering the friction between ground surface
and an inertial device, the motion is possible [18], as was also demonstrated in [25]. However, the
major problem is that even if an initial motion of the cart in the vertical direction becomes possible,
when the cart reaches its upper point there is no more support to produce a second cycle, and so
on [19].

Gyroscopes, on the other hand, continue to attract interest among proponents of inertial propul-
sion. Since the 1960s, both industrial and academic research groups have reported anomalous reaction
forces during gyroscopic experiments, which have been interpreted by some as evidence of thrust
generation or loss of weight [20–25,47]. These findings appear to contradict well-established physical
laws. The analysis of such systems is more intricate than that of the Dean drive, primarily because the
configuration of gyroscopic setups evolves over time. This complexity arises from the continuously
changing orientation of the gyroscopes’ axes, which leads to corresponding variations in the angular
momentum of the overall mechanical system. In contrast to the Dean-drive motion (proportional
to ω2), the inertial force in contra-rotating gyroscopes is proportional to the product of two angular
velocities (ωservoωrotor). The former (ωservo) is due to the oscillation of gyro’s axle, while the latter
(ωrotor) is the spin. Since the spin does not affect the bending strength of gyro’s axle even it takes a
very high value, it is deduced that gyroscopes may develop higher inertial forces than those of the
rotating masses (class of Dean drive devices).

A typical control moment gyroscope (CMG) system consists of an array of four gyroscopes [26].
Nevertheless, without loss of generality, and for the sake of simplicity, the ability to generate internal
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torque is illustrated here using only two gyroscopes. To elaborate, consider a satellite in orbit. While at
rest—for example, during sleep—an astronaut exerts no torque on the spacecraft. However, internal
torque can later be applied through hand movements or, equivalently, by actuating a mechanism that
alters the relative orientation (e.g., the included angle) between the axes of two spinning gyroscopes,
such as those considered in the present study. In such cases, Newton’s third law dictates that the
internal torque generated is proportional to the angular velocity of reorientation, resulting in a change
in the satellite’s orientation—i.e., its attitude—without affecting its translational motion. That is, the
center of mass of the satellite remains fixed along its orbital path, while only its rotational state is
altered.

When this principle is translated to a terrestrial setup (as is the case of present paper), the internal
torque produced—such as through forced gyroscopic precession—must be counterbalanced by a couple
of ground reaction forces, which have a zero sum. Therefore, the nonzero reaction forces are due to
two separate reasons: First the distribution of the dead weight Fg. Second, the reaction forces due to
the ocillating masses in the interval [θmin, θmax].

As a result, if one measures only the reaction forces at select points—particularly those that
increase and even during a short time interval—this may create the illusion of a net propulsive force.
However, such an effect does not violate Newtonian mechanics, as it merely reflects an internal
redistribution of forces within a statically constrained system, not true propulsion.

A relevant interesting phenomenon of supposed weight loss was demonstrated in Professor
Laithwaite’s 1974 lectures at University College London. In this experiment, a precessing gyroscope
was mounted on an L-shaped aluminum stand positioned at the edge of a table. When the not
spinning gyroscope was horizontally locked, its weight produced a torque that caused the stand
to topple. In contrast, when the gyroscope was spinning at precession, no such overturn occurred
(see approximately the 28-minute mark in the video [51], where Professor Laithwaite appears to
demonstrate that a gyroscope undergoing forced precession exhibits a reduction in apparent weight).

5. Conclusions
A couple of oscillating control moment gyroscopes (CMG) is capable of producing an internal

torque, which is very useful in attitude control. When the CMG is mounted on a terrestrial vehicle,
the internal torque is counterbalanced by a couple of equal and opposite reaction forces, of zero sum.
In addition to the gyroscopic forces which are induced due to the change of angular momentum, the
oscillation also causes centripetal and tangential inertial forces which eventually are transmitted to the
ground. Overall, the impulse of each reaction force within an entire period vanishes.
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