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Abstract— This paper presents a Load-Based Variable Trans-
mission (LBVT) mechanism designed to enhance robotic ac-
tuation by dynamically adjusting the transmission ratio in
response to external torque demands. Unlike existing variable
transmission systems that require additional actuators for
active control, the proposed LBVT mechanism leverages a
pre-tensioned spring and four-bar linkage to passively modify
the transmission ratio, thereby reducing the complexity of the
robot joint actuation system. To evaluate the effectiveness of
the LBVT mechanism, we conducted simulation-based analyses.
The results confirm that the system achieves a 40% increase in
transmission ratio upon reaching a predefined torque thresh-
old, effectively amplifying joint torque when needed, without
additional actuation. Furthermore, the simulations demonstrate
a torque amplification effect, triggered when the applied force
exceeds 18N, highlighting the system’s ability to autonomously
respond to varying load conditions. This research contributes
to the development of lightweight, efficient, and adaptive
transmission systems for robotic applications, particularly in
legged robots, where dynamic torque adaptation is crucial.

I. INTRODUCTION

Variable transmission mechanisms (VTMs) are crucial in
robotic applications as they enable adaptive control of torque
and speed, enhancing both energy efficiency and mechanical
performance. Traditional fixed-gear systems and constant
reduction-ratio actuators limit the adaptability of robotic
systems, especially for legged robots and in dynamic en-
vironments where load conditions frequently change. These
constraints often result in increased energy consumption,
suboptimal torque utilization, and mechanical inefficiencies.

VTM technology has been developed for several decades.
Hirose et al. [1] introduced the X-Screw, a load-sensitive
actuator featuring a variable transmission mechanism that
automatically adjusts to external load conditions. The X-
Screw actuator operates by using an eccentric nut-screw
mechanism where the nut’s offset changes dynamically based
on the applied axial load. Further advancements were made
with radial crank-type CVTs (Continuously Variable Trans-
mission) that use two ball screws to apply controlled forces to
radially connected links, which drive a crank through a linear
guide mechanism [2]. By adjusting the crank length and
angle, the system continuously varies the transmission ratio,
allowing efficient torque and speed control while overcoming
the motion range limitations of traditional crank-type CVTs.
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More studies have focused on actuator-based designs
to enhance adaptability and performance. Dual-motor (one
optimized for high torque and the other for high speed)
planetary gear systems were developed to improve actuation
efficiency by distributing power across multiple transmission
pathways [3]. Kim et al. [4] introduced a double actuator
unit (DAU) incorporating a planetary gear train, enabling si-
multaneous position and stiffness control, thereby improving
force control and collision safety in robotic manipulators.
Another study presented a robotic system that dynamically
adjusts its actuator gear-ratio to amplify or mitigate natural
load dynamics [5] [6].

VTMs have also been explored in robotics applications,
such as a proposed jumping rescue robot that utilized a
VTM to adjust jumping height and distance dynamically
[7], demonstrating the potential of these applications in
robotic systems. They have also been implemented in robotic
prostheses, such as the SuKnee [8], which uses a slider-
crank mechanism to dynamically adjust transmission ratios
based on knee angles, enhancing both torque output for
standing and speed variation for walking, demonstrating their
effectiveness in wearable robotics.

Expanding on earlier research, recent studies have refined
VTMs by enhancing their dynamic adaptability, improving
energy efficiency, and enabling multi-modal functionality
across various robotic applications. A notable example is
the further development of the fast gear-shifting Dual-Speed
Dual-Motor (DSDM) actuator [5], which now enables tran-
sitions between two distinct reduction ratios, enhancing effi-
ciency and adaptability for robotic tasks involving dynamic
contact situations [9].

At the actuator level, another approach was introduced
by Meng et al. [10], who demonstrated the viability of ex-
plosive electric actuators incorporating a two-stage planetary
reducer transmission, effectively implementing them in both
quadruped and humanoid robots for high-power jumping
tasks. The Dual Reduction Ratio Planetary Drive (DRPD)
actuator enhances robotic actuation by switching between
low and high reduction ratios using a 3K compound planetary
drive and a pawl brake mechanism, optimizing both speed
and torque for various robotic tasks [11]. Similarly, the
Variable Transmission Series Elastic Actuator (VTSEA) for
hip exoskeletons dynamically adjusts its transmission ratio
across three discrete levels, improving torque-speed adapt-
ability and enhancing transparency in human-robot interac-
tions [12]. These advancements demonstrate how variable
transmission technologies are integrated into robotic and
wearable systems to enhance efficiency, adaptability, and
performance across diverse applications.



There are also interesting approaches like the Elastomeric
Continuously Variable Transmission (ElaCVT), which pas-
sively adjusts its reduction ratio based on external loads
through elastomer deformation [13] [14]. The applicability
of the ElaCVT is constrained by structural limitations, in-
cluding insufficient material rigidity, low transmission ef-
ficiency, restricted reduction ratio adjustment, and friction-
induced slippage. Similarly, the Mechanical Variable Mag-
netic Gear Transmission (MVMGT) employs a non-contact
coaxial magnetic gear system, where the transmission ratio is
modified by mechanically adjusting the magnetic harmonics
between the rotors [15].

Building on these advancements in transmission mecha-
nisms, Nobaveh et al. proposed the Compliant Continuously
Variable Transmission (CVT) that utilizes the warping of
twisting beams, where a central rotational constraint enables
continuous adjustment of the transmission ratio based on
beam deformation [16]. Likewise, Kim et al. [17] proposed
the bio-inspired variable gearing system that replicates the
behaviour of pennate muscles, dynamically modifying the
transmission ratio to balance speed and force in robotic ac-
tuators. Furthermore, Sanz et al. [18] proposed an active knee
orthosis featuring a variable transmission ratio that utilizes
a dual-clutch mechanism to alternate between high-torque
and high-speed modes efficiently, enhancing adaptability in
wearable robotics for activities like walking and sit-to-stand
movements. Barry, a high-payload quadruped robot, served
as the basis for an actively variable transmission (AVT)
robotic leg, where researchers implemented and tested a
variable transmission mechanism in the leg structure [19]
[20]. This AVT system dynamically adjusts its transmission
ratio to optimize power efficiency and agility, demonstrating
a reduction of knee actuator power consumption by up to
50% through controlled experiments on a single-leg proto-
type. Shin et al. [21] developed a Variable Transmission with
Actively Controllable Reduction Ratio, utilizing a toroidal
drive and a compression-based power transmission system
that actively adjusts the gear ratio while maintaining high
efficiency and built-in overload protection. Meanwhile, Hur
et al. [22] proposed the Continuously Variable Transmission
and Variable Stiffness Actuator (CVT-VSA) that utilizes an
actively adjustable four-bar linkage, enabling real-time mod-
ulation of both transmission ratio and stiffness to enhance
torque-speed adaptability and mitigate impacts in highly
dynamic robotic systems.

These approaches can be widely categorized into two
groups. The first includes active VTMs, which achieve trans-
mission shifts through an additional actuator but at the cost
of increased complexity, weight, and energy consumption.
The second group corresponds to passive VTMs, which
avoid the need for a secondary actuator yet often show
limited adaptability to rapid or unpredictable load varia-
tions. To overcome these limitations, this study introduces
a Load-Based Variable Transmission (LBVT) mechanism
that dynamically responds to external torque demands while
preserving the simplicity of a fully passive design. Our
contributions include:

• A novel passive LBVT mechanism that reacts instanta-
neously to torque demand by leveraging a passive adap-
tation approach. It utilizes pre-tensioned springs and a
four-bar linkage to dynamically modify the transmission
ratio in response to external forces.

• The proposed mechanism eliminates the need for ex-
tra actuators to shift transmission ratios, reducing me-
chanical complexity and system weight. By leveraging
passive dynamics, it maintains a lightweight design
while improving torque delivery under varying load
conditions.

II. MECHANICAL DESIGN AND TRANSMISSION
CHARACTERISTICS

A. Fundamental Concept of the Mechanism

In this section, we introduce the concept of the proposed
LBVT mechanism. Even though developed for the joints of
legged robots, the mechanism can also be applied to other
robot assemblies, such as manipulator arms.
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Fig. 1. Concept drawing of the proposed LBVT mechanism. The closed
mechanism starts to open once an external force exceeds a threshold force.
The LBVT mechanism extends under the external force until it reaches
mechanical limits.

Fig. 1 depicts a concept drawing of the proposed LBVT
mechanism. This mechanism consists of multiple intercon-
nected links that share a uniform structural configuration.
The links are strategically arranged in series, with each
segment linked by a pre-tensioned spring.

A key feature of this mechanism is its ability to respond
dynamically to applied torque. The pre-tensioned spring
system starts to extend once the knee joint experiences a
torque that surpasses a predefined threshold. We defined this
pre-tension mechanism to ensure that, under loads below the
threshold, the mechanism remains inactive, and the trans-
mission change only occurs after a certain limit is exceeded.
This load-based activation leads to the extension of the lever
arm and thus increases the transmission ratio. The increased
lever length increases the mechanism’s overall torque output.



By leveraging this controlled extension, the system varies
its transmission ratio when needed, thereby improving its
mechanical performance.
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Fig. 2. CAD drawing of the knee joint mechanism highlighting the four-bar
linkage and its four links l1-l4. l1 is the distance between the KFE (Knee
Flexion Extension) joint and the four-bar linkage. l2 and l3 are the lengths
of the bars. l4 is the distance between the KFE joint and the tip of the
mechanism.

B. Kinematic and Dynamic Modelling

The LBVT mechanism consists of a four-bar linkage
with a pre-tensioned spring that dynamically adjusts the
transmission ratio based on the external torque demand.
The four-bar linkage shown in Fig. 2 has a fixed frame
(l1), input link (l2), coupler link (l3), and output link (l4).
Additionally, the kinematic behaviour of the four-bar linkage
between the actuator and the knee joint, excluding the
influence of the spring, was previously studied in the context
of the HyQ2Max quadruped robot [23]. In this study, the
relationship between the KFE joint torque T (θ) and the
linear actuator force Fcyl is shown as (1), where θ is the
KFE joint angle and J(θ) is the Jacobian.

T (θ) = JT (θ) ·Fcyl (1)

With the incorporation of the LBVT mechanism, the
parameter l4, which defines the distance between the tip
of the mechanism and the KFE joint, becomes a variable
parameter. Therefore, the KFE joint torque T (θ) is now
dependent on this variability, leading to a modified torque
expression at (2).

T (θ , l4) = JT (θ , l4) ·Fcyl (2)

l4 =
√

x2
l4
+ y2

l4
(3)
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(4)

The transmission ratio varies dynamically as l4 changes
between its minimum and maximum limits. This relationship
is derived using (3) and (4), where Lo f f set denotes the
distance between the knee joint and the anchor point of the
spring, and β defines the orientation angle of the spring with
respect to the vertical axis. Si indicates the segment length
of each spring element, while αk represents the deflection
angle at the kth joint of the spring chain.

Since l4 directly influences the mechanical leverage of
the four-bar linkage, its variation alters the torque amplifica-
tion characteristics, leading to variable transmission ratio
throughout the motion.

As previously discussed, each joint of the spring element
is pre-tensioned, imparting the mechanism with its char-
acteristic triggering behaviour. The fundamental effect of
this pre-tension on a single joint is expressed in (5) where
k jointi denotes the torsional stiffness of the ith joint and TSi

represents the corresponding joint torque. Given that the
force at the tip of the mechanism can be determined from (6),
the resulting torque at each spring joint can be systematically
mapped.

|TSi | ≥ |k jointi ∗αpreload | (5)

T (θ , l4) = Fend · l4 (6)

Then, the torque at each joint of the spring chain can be
calculated by (7), where γ = φ +α + θl4 . Here, φ denotes
the fixed offset angle for each spring joint, θl4 represents the
absolute orientation of the l4 link relative to the last segment
of the spring.

Tsi =
6

∑
i=1

ri · sin(γi) ·Fend (7)

min|
6

∑
i=1

ri · sin(γi) ·
JT (θ , l4) ·Fcyl

l4
| ≥ |k jointi ∗αpreload | (8)

Since triggering occurs only when the torque at one of
the joints reaches the minimum threshold for motion, the
relationship between the triggering effect and the input force
is expressed by (8). The kinematic and dynamic model
was developed under specific assumptions to simplify the
analysis. Friction, backlash, and link compliance were not
considered, and all components were treated as rigid bodies.
These assumptions make it possible to isolate the effect of
the pre-tension behaviour and the transmission characteristics
of the mechanism.

C. Mechanical Design

Fig. 3 shows the computer-aided design (CAD) model
of a concrete implementation of the proposed mechanism,
illustrating its key components and structural configuration.
The primary actuator of the system, labelled as component
A, is a linear actuator, which serves as the driving force
for the knee joint. The B component represents a four-bar
linkage system, which plays a crucial role in converting
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Fig. 3. CAD view of the LBVT mechanism. The LBVT mechanism consists
of a four-bar linkage integrated with a spring element and an end stop
embedded within the lower leg. A is the linear actuator that is connected
to the B four-bar mechanism. C shows the lower leg design with the full
LBVT mechanism, and D represents the spring component of the LBVT
mechanism.

linear motion into controlled rotational movement. The C
segment corresponds to the lower leg, specifically designed
and adapted for future experimental validations. This lower-
leg design guarantees that the mechanism’s tip consistently
goes to the same position whenever it stretches. As a result,
this feature effectively functions as the mechanical end-stop
of the component D, preventing excessive displacement (see
Fig. 4). Additionally, the system incorporates a spring-based

Fig. 4. Extension of the LBVT mechanism and the lower leg design, which
incorporates an internal structure that acts as a mechanical end-stop for the
LBVT mechanism. On the left, the mechanism is closed, and on the right,
the mechanism is fully open.

transmission mechanism, denoted as component D, which
consists of uniformly structured springs. In the prototype
that we designed for this study, each of these springs is
strategically placed within the joint system and possesses a
stiffness of 1.17 Nm/rad. The pre-load applied to each joint
is determined using (9). In this formulation, kspring represents
the torsional stiffness coefficient of the spring, while δ

denotes the angular displacement of the spring relative to its
neutral position. L corresponds to the length of the torsional
spring arm at which the force is exerted on the spring. This
relationship is essential for accurately quantifying the pre-
load imposed on the torsional spring.

Fspring = kspring ∗
δ

L
(9)

We ensure that the mechanism remains inactive (closed)
with the pre-loaded springs until a specific force threshold
is exceeded. In total, the system consists of six joints,
with each joint being supported by four individual springs.
Therefore, the total stiffness, 0.78 Nm/rad of the transmission
mechanism ktotal is calculated from (10).

1
ktotal

=
6

∑
i=1

1
k jointi

(10)

III. VALIDATION OF THE TRANSMISSION MECHANISM

To evaluate the effectiveness of the proposed LBVT mech-
anism, we conducted 2 simulation-based analyses. Each sim-
ulation compares two cases: one with the LBVT mechanism,
where the transmission ratio changes after the activation
threshold, and one without it, where the tip position is fixed
in the closed condition of the LBVT and rigidly attached
to the lower leg. In the first simulation, we investigated the
torque amplification through the range of motion of the leg.
The primary objective was to assess how the mechanism
dynamically adjusts its transmission ratio in response to
increasing torque demands and to compare its performance
with a rigid transmission system without the LBVT mech-
anism. The second simulation investigates the triggering
effect of the LBVT mechanism. Through these validations,
we aim to confirm the torque amplification capability and
investigate the threshold activation force required to trigger
the mechanism.

Input Force

Torsional Springs

Knee Joint

A
B

Fig. 5. Simulation model of the transmission mechanism. A is the contact
constraint between the lower leg and the LBVT mechanism. B is the fixed
constraint on the knee joint.

This section shows an overview of the simulations along
with their corresponding results. Each simulation is con-
ducted using Siemens NX 9.0, a software tool for engineering
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Fig. 6. Comparison of the maximum torque profile of the KFE joint with and without the proposed LBVT mechanism. The KFE angle is defined as the
angle between the centerlines of the upper leg and lower leg.

design and analysis. For this study, we used the rigid body
dynamics tool in the software. Fig. 5 depicts the general
simulation model. To gain a precise understanding of the
mechanism’s behaviour, we established connections between
the spring component and the lower leg. Four parallel tor-
sional springs with a stiffness of 1.17 Nm/rad are attached at
each joint of the spring component. An input force is exerted
along the linear shaft of the actuator, ensuring accurate force
transmission through the system. To accurately assess the
torque output of the mechanism and streamline the simula-
tion process, the knee joint is deliberately locked in place.
This constraint eliminates unnecessary degrees of freedom,
allowing for precise torque measurement and enhancing the
reliability of the computational analysis.

The first simulation analyzes the maximum torque profile
of the KFE joint throughout its range of motion. The
corresponding torque profile is illustrated in Fig. 6. Torque
data is systematically recorded at KFE joint positions ranging
from -141◦ to -39.5◦ in 10◦ increments for the configuration
with and without the LBVT mechanism. The simulation is
conducted individually for each increment (or joint position)
for which the knee joint is constrained, and the data is
interpolated using the polynomial interpolation method in
MATLAB. It is observed that the implementation of the
LBVT mechanism enhances the maximum torque output of
the KFE joint. Also, we see the maximum torque enhanced
at -88◦. However, beyond a flexion angle of -55◦, the ampli-
fication effect diminishes, leading to a progressive decrease
in the maximum torque.

The goal of the second simulation was to gain deeper in-
sights into the mechanism’s behaviour under specific loading
conditions. In this simulation, the analysis was constrained
to a single KFE joint position at -88◦ to isolate its response
as mentioned earlier. This position was selected to clearly
highlight the torque amplification effect. The linear actuator
was applying a 165 N force to the four-bar linkage, and the

corresponding torque output at the KFE joint was recorded.
Additionally, the displacement variations within the LBVT
mechanism were monitored to assess its dynamic response.
This focused investigation provides a clearer understanding
of the torque transmission characteristics and the mechanical
interaction between the LBVT mechanism and the KFE
joint, offering valuable insights for optimizing the system’s
performance.
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Fig. 7. Triggering effect of the transmission mechanism. The x-axis shows
the diameter of the spring component, which corresponds to the distance
between the anchor point and the tip of the LBVT mechanism (see Fig. 2).

To evaluate the triggering effect of the mechanism, the
displacement response was analyzed in relation to the applied
input force. This analysis allows for the identification of the
force threshold at which the mechanism gets activated. Fig.
7 illustrates the triggering force of the system, where the
spring element diameter represents the distance between the
anchor point of the spring element on the lower leg and
the tip of the LBVT mechanism. As depicted in the plot,
a noticeable change in the spring element diameter begins
to occur beyond an applied force of 18 N. Consequently,
the threshold force required to activate the mechanism is
determined to be 20 N on the linear actuator side. This value



was selected for use in upcoming experimental validations
planned with the existing hardware.
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Fig. 8. Comparison between the LBVT mechanism and the rigid system
through simulation. The rigid system represents the four-bar linkage without
the spring component. The blue line represents the proposed LBVT mech-
anism. The red line represents the system without the LBVT mechanism,
which means it is a rigid system.

As the KFE torque amplification is influenced by varia-
tions in the spring diameter, it is inherently dependent on
the force input from the linear actuator. To analyze this
relationship, a comparative study was conducted between
two configurations: one incorporating the LBVT mechanism
and the other without it. The investigation focused on eval-
uating the variations in KFE torque concerning changes in
the applied input force. Fig. 8 presents the KFE torque as
a function of the input force for both configurations. As
observed, the slope of the curve representing the system
with the LBVT mechanism increases above an input force of
18 N. This indicates that once the applied force surpasses the
threshold, the output torque experiences a progressive ampli-
fication. This behaviour highlights the nonlinear response of
the mechanism, demonstrating its ability to enhance torque
transmission above a critical activation point.

Subsequently, the analysis was extended to examine the
variable transmission ratio of the LBVT mechanism. Fig. 9
illustrates the variation in transmission ratio as a function of
the applied input force. The results indicate that once the
input force surpasses the threshold value, the transmission
ratio increases by 40%, demonstrating the adaptive nature
of the system. Furthermore, this analysis provides additional
evidence of the mechanism’s triggering behaviour, highlight-
ing its capability to dynamically adjust the transmission ratio
in response to external force variations.

IV. DISCUSSION

The simulation results presented in this study demonstrate
the effectiveness of the LBVT mechanism. As expected, the
torque amplification behaviour was observed to be dependent
on the applied force. We identified a threshold activation
force of 18 N for our prototype. Above the threshold, the
system exhibited an increase in transmission ratio up to 40%.
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Fig. 9. Transmission ratio w.r.t input force. The curve’s peak results
from the impact force and the contact modelling used in the simulation.
This behaviour is observed because of the contact dynamics defined by the
material and contact properties in the software. A similar short-duration
response may occur in real hardware due to localized deformation and
impact between components.

This confirms the passive adaptability of the LBVT mech-
anism and its capability to dynamically adjust to external
loads without the need for additional actuation.

The comparative analysis between the rigid transmission
system and the LBVT system highlights the advantages of
the proposed mechanism. The LBVT system demonstrated
the torque amplification above the threshold force.

Despite the promising results, there are certain limitations
of the current implementation. The current design has a
limited operational range of 86◦ (-141◦ to -55◦) on the KFE
joint position; this could affect the mechanism’s adaptability
in applications requiring larger joint positions. However, this
range is still sufficient for tasks such as stance position or
locomotion, where the knee joint primarily operates within
this region. In future iterations, the range could be extended
by adjusting the four-bar linkage design or modifying the
anchor position of the elastic element.

The material properties and stiffness of the pre-tensioned
springs play a crucial role in defining the force threshold
and overall responsiveness of the mechanism. The current
design uses commercial springs with a relatively low stiffness
value, which may not be optimal for high-load conditions or
full-scale robotic applications. This constraint results from
the limited available space within the lower-leg structure,
restricting the use of stiffer or larger spring components.

The results show that the LBVT increases the transmission
ratio once the activation threshold is exceeded. Unlike active
VTMs, this behavior is achieved without a secondary actua-
tor, avoiding additional weight and complexity. Compared to
conventional passive systems, which typically lack effective
real-time adaptation, the LBVT demonstrates torque ampli-
fication and autonomous adjustment under load. In this way,
it combines the simplicity of passive designs with adapt-
ability that approaches active mechanisms. In light of these



results, the LBVT can be considered for applications where
compact design, low complexity, and adaptive torque output
are critical, such as legged robots operating in unstructured
environments.

V. CONCLUSION

In this study, we introduced a Load-Based Variable Trans-
mission mechanism that is designed to enhance robotic
actuation by passively adjusting its transmission ratio in
response to joint torque demands. Unlike conventional vari-
able transmission mechanisms that require active control
through a second actuator, our proposed system leverages
pre-tensioned springs to enable autonomous adaptation. Our
design removes the need for additional actuators, reducing
the complexity of the system while improving torque delivery
under varying load conditions.

Through simulations, we demonstrated that the LVBT
mechanism effectively amplifies torque above a specific
threshold input force. Our results show that the transmission
ratio increases up to 40% once the activation force is reached,
highlighting the system’s capabilities.

Overall, the LVBT mechanism presents a promising
approach to passive variable transmission, offering a
lightweight, efficient, and adaptable solution for robotic
applications requiring torque amplification without additional
actuation complexity. Despite its advantages, the current
implementation has limitations, such as a constrained op-
erational range and the dependency on spring stiffness and
actuator workspace. For future work, we will focus on
optimizing the mechanism’s structural design to address
these limitations and enhance its integration within multi-
joint robotic systems such as quadruped robots. In addition,
we plan to manufacture the first prototype of the proposed
mechanism and conduct experiments on real hardware.
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