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Abstract: Today, a major obstacle to developing locomotion mechanisms that are as safe and energy
efficient as living organisms has been overcome with the development of actuators with adjustable
stiffness. This work presents an innovative clutch mechanism whose stiffness can be adjusted based
on the combined bending and torsion of the prismatic beams. In this way, the stiffness of any rotary
actuator can be adjusted with the help of this clutch mechanism. The adjustable clutch mechanism
consists of elastic prismatic beams placed in any position in the power transmission unit. The
stiffness of the clutch mechanism is controlled by varying the active clutch length of these prismatic
elastic beams using an additional actuator. This work is a new version developed to solve the
mechanical problems observed in our previous studies using elastic cylindrical beams. Cylindrical
beams subjected to dynamic bending have a higher risk of cracking on the cylindrical surface over
time. The cross-section of cylindrical beams subjected to bending is very narrow at the point furthest
from the center, which bears the greatest load in bending. For this reason, it has been observed that the
beams break due to micro-cracks on the surfaces of the cylindrical beams in long-term use. However,
the rectangular beam proposed as a solution to this mechanical problem is subject to combined
torsion and bending, complicating the analytical solution. In this study, the stiffness variation of
an adjustable elastic coupling mechanism depending on the coupling length was obtained with a
simplified discrete analytical approach. Torsional and bending stiffness of the prismatic beams were
calculated separately, and their sum gave the angular stiffness of the actuator. The analytical results
obtained using this simple approach are compared with the experimental and finite element analysis
results. The results show that the current design can adjust the stiffness over a wide range and the
simple analytical approach gives more accurate results as the clutch length increases.

Keywords: elastic; adjustable; clutch; beam; actuator; bending; torsion

1. Introduction

Conventional mechatronic systems, such as manufacturing and medical-surgical
robots that require high position accuracy, use rigid actuators and rigid links to provide
motion and interact with their environment. However, the use of rigid actuators in legged
robots is a factor that increases the risk of structural damage and energy consumption
value by expanding the impact forces. In rigid locomotion mechanisms, there is no system
to recover collision energy, which means that rigid locomotion mechanisms must have a
low speed to reduce collision energy losses and possible damage. On the contrary, living
organisms can actively control the stiffness of body elements during movement. In this
way, they use their limbs like elastic springs with adjustable stiffness to reduce impact
loads. Moreover, these elastic elements increase the energy efficiency of the motion by
storing the collision energy. Today, robots can move faster and more energetically effective
by keeping impact loads within elastic [1,2] and variable elastic body structures, similar to
living organisms [3–5].

The variable stiffness properties differ from conventional rigid actuators in industrial
and medical robots that require high positional accuracy [6,7]. In this context, while rigid
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actuators are still preferred in the precision manufacturing industry, elastic actuators have
a potential in legged locomotion where position accuracy is not essential and impact loads
are involved. Although energy consumptions are still high, today’s legged robots can
make movements almost as natural as living things, thanks to elastic actuators. In an ideal
adjustable stiffness actuator, the energy generated during movement and collision should
be stored by elastic elements, and all stored energy should be converted to work. The
actuator’s stiffness should be adjustable with little power and over a wide range. Moreover,
stiffness and position control should be able to be made independently.

In parallel with the development of legged robots that can move on rough terrains,
such as humans and animals, many elastic actuator designs have been developed in recent
years to solve these robots’ chronic problems. Based on the five main stiffness control
methods, Van Ham et al. [8] have described a general classification of these actuators with
passive adjustable compliance and controllable stiffness. Series elastic actuators constitute
the first group of adjustable stiffness actuators, in which a motor connected in series with a
spring regulates the output force by controlling the springs’ balance position. Compared
with traditional rigid actuators, series elastic actuators have more stable and accurate force
control, lower reflected inertia, less environmental damage, shock tolerance, and energy
storage [9]. Migliore et al. [10] have described a physical application of a servo-operated
robotic joint using antagonistic, serial elastic actuation with non-linear spring mechanisms,
mimicking the mechanics of antagonistic muscle groups used by animals. Tonietti et al. [11]
have designed another antagonistic elastic actuator with a cross-linked arrangement. This
elastic actuator is stretched by springs and has a belt attached to three pulleys. The control
of this compact design is highly complex as it is non-linear but has the advantage of
changing its stiffness quickly and consistently.

A design in which the stiffness and equilibrium position can be adjusted independently
has been developed by Hurst et al. [12]. The design has two actuators; one adjusts the
stiffness by changing its pre-tension, and the other controls the spring’s balance position,
making it easier to control the actuator. Still, slow stiffness control is the biggest drawback
of this design. Hollander et al. [13] have presented a design called Jack spring mechanism in
which the spring stiffness is controlled by changing the number of active coils of the helical
springs. Van Ham et al. [8] have developed a novel design in which a linear torque angle
characteristic position and stiffness control can be performed independently. In this design,
with three elements rotating around an axis and connected by a spring, the lever’s position
is controlled to adjust the balance. In a design developed by Jafari et al. [14], the joint’s
stiffness is adjusted by changing the distance from the center of rotation (moment arm)
of the linear springs placed on the rotating joint in a position to generate counter torque.
Since the force generated in the springs and the displacement force required to adjust the
stiffness are perpendicular to each other, the stiffness adjustment requires relatively low
force and energy. Another version of this design changes the pivot point position while
the spring location remains constant [15]. The essential advantage of this design is that
the stiffness adjustment can vary widely. Reis et al. have developed an elastic actuator
whose stiffness can be adjusted with an elastic coupling connected to the gear system of
a commonly used standard servo motor [16]. The study discussed the design’s stiffness
adjustment efficiency analytically and experimentally. In addition, many different elastic
actuator designs are aimed at low cost, small size, and high modularity [17–19].

This study introduced a variable clutch mechanism for adjustable stiffness actuators
based on the bending and torsion of prismatic beams. The stiffness control of the clutch
mechanism is adjusted by changing the active length of a beam subjected to torsion and
bending. The effect of design variables on stiffness was studied analytically, numerically,
and experimentally. Equations expressing the adjustable clutch mechanism’s stiffness
change depending on the clutch length were obtained, and their analytical solutions were
given. The accuracy of the analytical results calculated over the simplified mathematical
model was discussed by comparing the results with the numerical and experimental results.
The design introduced in this study was developed specifically for use with legged robots.
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The stiffness was manually adjusted using a simple adjustment screw to examine the
mechanism’s performance. In control applications, active stiffness adjustment can be made
by adding a second actuator instead of the screw.

2. Materials and Methods

The elastic clutch mechanism consists of four small prismatic cantilever beams on the
gear. The stiffness of the clutch is adjusted by changing the active clutch length of these
elastic rectangular beams. This study is an advanced version of the previous work using
cylindrical cross-section beams. Cylindrical beams subjected to dynamic bending have a
higher risk of cracking in the cylindrical surface over time. For this reason, it is evaluated
that prismatic beams will be more reliable than cylindrical beams in such a system. For this
purpose, the clutch mechanism’s previous design was revised with the prismatic beams, as
shown in Figure 1. However, a rectangular beam will simultaneously be subject to bending
and torsion, complicating the analytical solution. Although the combination of torsion and
bending of rectangular beams is a fundamental problem, only a few studies were found
examining this mechanical problem. Yong Lin et al. [20] investigated the combined torsion
and the bending problem arising in a beam with simple support under the effect of a force
offset from the bending axis. Sinha [21] investigated the cantilever Timoshenko beam’s
combined torsion and bending problem subjected to the impact load from the free end.
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Figure 1. Basic structural elements of the adjustable stiffness clutch and loading conditions of beams.
(a) The previous version of the stiffness-adjustable clutch mechanism with cylindrical cross-section
beams [16], (b) solid model of the adjustable stiffness clutch mechanism, (c) rigid connection, (L = 0),
Elastic connection, (L = max), (d) dimensions of prismatic elastic beams, a = 0.7 mm, b = 2.2 mm,
L = (0 − 35) mm (variation range of the active clutch length), and (e) sum of bending and torsion

of prismatic (non-circular) beam
(

T = 4 Ttorsion + 4 TBending

)
.

The elastic clutch mechanism consists of elastic beams of rectangular cross-sections
connecting the output and input gears. The previous version of the design with cylindrical
beams and the current version with prismatic beams are shown together in Figure 1a and 1b.
The adjustable clutch mechanism can be inserted between the output shaft and the gear in
the actuator design with adjustable stiffness, as shown in Figure 1a, or it can be placed in an
in-between position in the gear system. To highlight this, the design is shown in Figure 1b
between two gears. The beams must be at least two for a balanced moment transfer. Since
the high number of beams will cause strength problems in gear, it is considered that four
beams will be suitable for these dimensions. Rectangular elastic beams have both torsional
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and bending flexibility. Four elastic beams that transmit the moment from the input gear to
the output gear are positioned. Joint stiffness can be adjusted by changing the active length
of these elastic beams that transfer torque to the output gear. The most important feature of
this design is that it controls the spring stiffness by directly changing its active length. This
way, the spring characteristic is changed directly to control the actuator’s stiffness instead
of changing the spring pre-tension or moment transfer ratio.

One of the simplest ways to change the stiffness of the elastic clutch is to control the
active length of an elastic beam subject to bending. The system functions as a rigid actuator
when the clutch length is minimum. However, when the active clutch length is maximum,
the actuator works as an elastic actuator. The clutch mechanism introduced in this design
transforms this property of the beam subjected to bending into an angular spring whose
stiffness can be adjusted. Since the cylindrical cross-section beam version we introduced
earlier appears to break easily under repeated loads subjected to bending, a rectangular
prismatic beam design with high resistance to repetitive bending loads is developed in this
new version.

2.1. Simple Analytical Calculation

The four rectangular steel beams used in the adjustable clutch design are forced torsion
and bending, as shown in Figure 1d. For this reason, the torsion and bending problems
of non-cylindrical beams should be examined together to calculate stiffness values. In a
rectangular beam under the effect of torsion, the corner angles remain 90 degrees after
torque is applied. The absence of distortion in the corners indicates that the shear stress
is zero at these points. The rules of the theory of elasticity are used to solve the torsion
problem of rectangular shafts. The relationship between the torsion moment and the torsion
angle can be derived from the theory of elasticity. As long as the beam remains elastic
under the exerted moment, the linear relationship will be seen between the torsion moment
and the torsion angle, as shown in Equation (1). The slope of the torsion moment-torsion
angle curve will indicate the torsional stiffness as given by Equation (2) [22].

Ttorsion = ktorsionθ =

(
4βba3 G

L

)
θ (1)

ktorsion =
4βba3G

L
(2)

Here, ktorsion represents the total torsional stiffness of the elastic clutch; Ttorsion, torsion
moment; G, shear modulus; β, section ratio effect; a,b, dimensions of beam section; and L,
active clutch length (Figure 1d).

Depending on the active clutch length, the cantilever beams used in the stiffness
adjustable clutch mechanism are forced to bend, as shown in Figure 2b. The bending
stiffness in cantilever beams is based on three essential properties: the moment of inertia of
the beam cross-section, the elastic modulus of the material, and the beam’s active length.
In a cantilever beam forced by force P, the clutch point’s deflection (active endpoint) is
indicated by δ. This deflection is equal to the product of the torsion angle and the radial
distance of the beam from the gear center (Figure 2a). Using these relations, the following
expression is obtained between the moment and the rotation angle performed against
bending resistance.

Tbending = kbending θ = kbending

(
δ

R

)
= kbending


(

PL3

3EI

)
R

 = 4PR (3)

kbending =
12R2EI

L3 (4)
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deformation of the clutch, (b) torsion and deflection of the active end of the beams. (Torsion
angle, θ = δ/R), and (c) bending model: deflection of the active end of the beams.

Here, kbending represents the total bending stiffness of the adjustable clutch; Tbending,
bending moment; E, modulus of elasticity of the beam material; I, the moment of inertia of
the beam section (I = a3b/12); R, distance from the center of the gear to the center of the
four beams (Figure 2a); and L, active clutch length (Figure 2b). An important point should
be noted here. The moment of inertia in the bending equation will not remain constant and
will change due to the beam’s twisting. For a more precise calculation, the variation of the
moment of inertia with the torsion angle must be considered. However, this calculation
is quite complex, and the experimental results of this study show that torsional stiffness
is more dominant than bending in long thin beams. While the beam bending equation
gives correct results for long beams, long beams’ bending stiffness is negligible compared
to torsional stiffness. Therefore, a more straightforward solution is followed in this study.
This change in the moment of inertia is neglected in analytical calculations.

In a simplified calculation, the sum of the torsional and bending stiffness can be
considered as the stiffness of the joint as given below.

kθ = ktorsion + kbending =
4βab3G

L
+

12R2EI
L3 (5)

T = Ttorsion + Tbending = kθθ (6)

Here, kθ represents the total angular stiffness of the adjustable clutch, and θ repre-
sents the torsion angle. The results section will discuss this assumption’s correctness by
comparing analytical, numerical, and experimental results.

2.2. Experimental Setup

The test structure consists of four elastic prismatic beams, support, and a moment arm,
which can be placed in various radial locations. In order to simulate the elastic clutch in
experiments, a fixture shown in Figure 3a was designed in SolidWorks 2021 and printed
by a 3D printer. The fixture was rigidly assembled on the test machine with two bolts
and nuts. The span between the center of the rotation (clutch center) and the applied
force point was set to 110 mm. All experiments were conducted using a tabletop machine
(Figure 3b) specially designed for very low-strength materials [23]. The applied force
from the 30 kg load cell (Zemic) and displacement from the rotary encoder (Omron) were
recorded at a rate of 30 DPS. Head speed was constant for all tests and set to 10 mm/min.
The representative force–displacement curve and corresponding Torque–rotation angle
curve were demonstrated in Figure 3c. The slope of the Torque/rotation curve was pointed
as the experimental stiffness of the clutch.
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2.3. Numerical Analysis:

Numerical analyses based on the finite element method (FEM) were performed by AN-
SYS R2020 Workbench software. There were three different radial positions and seven active
clutch lengths, so 21 configurations were designed using SpaceClaim 2020 software. Unlike
the experimental design, the FEM design was formed in compliance with the actual geome-
try of the elastic clutch mechanism that will be assembled into actuators. Boundary condi-
tions in the analysis were determined as the input gear is fixed, the output gear is under
the 0.5 Nm torque, contact between the input gear and the elastic beam is bonded, and the
contact between the output gear and the elastic beam is frictionless (Figure 4a). The gears’
materials used in the analyses were assumed to be structural steel which has a modulus of
elasticity 200 GPa, and Poisson’s ratio is 0.30. The beam materials are assumed to be spring
steel which has a modulus of elasticity 205 Gpa, and Poisson’s ratio is 0.30. After the mesh,
the software produced 188635 quadratic elements and 339104 nodes, and all analyses were
run by the same mesh generations. A cylindrical coordinate axis was placed at the center of
the output gear, and the Y axis was set to the tangential axis. After the solution, directional
deformation about the Y axis, equal to the arc length drawn by any displaced point on the
output gear, was plotted. Therefore, the ratio of the directional deformation of the outer di-
ameter about the Y axis to the outer radius of the output gear was determined as the rotation
angle of the elastic clutch (Figure 4b). To see whether or not the elastic beams remain elastic
region under the 1Nm torque, which is two times higher than the applied torque in experi-
ments, equivalent Von-Mises stress distribution is also plotted. A representative equivalent
Von-Mises distribution graph is shown in Figure 4c. Maximum stress was observed as
26 MPa at the configuration of R = 5 and L=35, which is under the yield point of the
spring steel.
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3. Results

The angular stiffness values of the joint can be obtained using Equations (2), (4), and
(5), depending on the clutch length. As can be seen from Equation (2), torsional stiffness
decreases linearly as the clutch length increases. Moreover, Equation (4) shows that as
the clutch length increases, the bending stiffness decreases cubically. The computational
results obtained with this simple analytical model are compared with numerical simulation
and experimental results in this section. This way, it will be possible to analytically,
numerically, and experimentally reveal how effectively the clutch mechanism performs the
stiffness adjustment.

In analytical calculations, simulations, and experiments, the active clutch length of
beams made of spring steel with a modulus of elasticity of 200 GPa and a shear modulus
of 80 GPa varied from 0 to 35 mm. This value can be easily increased or decreased by
lengthening or shortening the dimensions of the clutch mechanism. In all analyses, the
variation of the elastic rotation angle of the joint against the moment was obtained for
different active clutch lengths. Since the connection will be completely rigid when the
active beam length is zero, and the stiffness will be theoretically infinite, it is not shown in
the figures. It should also be noted here that the Euler–Bernoulli beam theory gives more
accurate results in long thin beams. Therefore, analytical results are not expected to yield
meaningful results for very short beams in bending.

Figure 5 shows the analytical, numerical, and experimental variation of clutch stiff-
ness concerning clutch lengths 5 to 35 mm in 5 mm increments. In Figure 5a–c, elastic
beams are placed in positions with radii of 5, 10, and 15 mm from the center, respectively.
Figure 5d–f logarithmic scale representation enhances the appearance as the stiffness varies
widely. In these curves, grey lines show analytical results, orange lines show numerical
(simulation) results, and blue lines show experimental results. While the active clutch
length L = 35 mm, the clutch is in the most flexible coupling position. Both analytical,
numerical, and experimental results show that the elastic joint’s stiffness increases as the
beams’ radial position moves away from the center. Generally, there is compliance between
analytical, numerical, and experimental results, which becomes more apparent as the active
length of the beam increases. The simple beam theory in analytical calculations reveals a
more accurate approach for long beams. In order to statistically evaluate the variation in
analytical, experimental, and numerical stiffness values, the coefficient of variation values
corresponding to different beam lengths (L) and different radial positions (R) are presented
in Figure 6. The maximum coefficient of variation is seen in configurations where the
active beam length is 5 mm, while it remains around 30% in other configurations. The
coefficient of variation (CoV) was calculated by using Equation (7) to evaluate statistically
the dispersion of the torsional stiffness obtained from different techniques. In the formula,
ki indicates torsion stiffness and M is the arithmetic mean of the analytical, numerical,
and experimental results at the same configurations. While the maximum coefficient of
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variation is seen in configurations where the active beam length is 5 mm, it remains stable
at around 30% in other configurations.

CoV =

(√
∑(ki − µ)

3

)
/µ (7)
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Figure 7 shows the joint stiffness (analytical results) due to the bending and the
torsional stiffness of the four beams according to the clutch length on a logarithmic scale.
The yellow line shows the angular stiffness of the joint due to the torsion of the beams.
The blue line shows the angular stiffness of the joint due to bending for R = 5 mm, the red
line shows the stiffness for R = 10 mm, and the grey lines show the stiffness for R = 15 mm.
While the joint’s stiffness due to bending varies with the position of the beams (R), the
analytically calculated total torsional stiffness of the beams is not affected by the radial
location of the beams. If the R goes to zero, bending stiffness converges to zero, and the
torsional stiffness gets more dominant in total stiffness. Moreover, increasing the active
clutch length will decrease the bending stiffness, so the torsional stiffness became more
dominant. However, it is impossible to reduce the R-value to less than 5 mm due to
geometrical and manufacturing restrictions in experiments.
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The torque value that will not cause plastic deformation in the elastic beams in the
experimental setup was chosen as 0.5 Nm. The elastic rotation angle of the adjustable clutch
for this torque value was determined analytically, numerically, and experimentally. For this
value of the moment, the variation of the elastic clutch’s angular displacement with the
clutch length is given in Figure 8, both analytically, numerically, and experimentally. The
highest elastic rotation value is seen in experimental results. Materials defects, gap toler-
ance, and measurement errors are not considered in numerical and analytical calculations.
All these phenomena led to getting low stiffness (or high rotation) values in experimen-
tal measurements. Therefore, this difference between the experimental, numerical, and
analytical results is acceptable.
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4. Discussion

This study investigated a mechanically improved version of a novel stiffness adjustable
elastic clutch design introduced earlier. In the clutch design developed using rectangular
beams instead of cylindrical cross-section beams, the resulting torsional bending problem
was solved using a straightforward approach. This simple analytical approach obtained
the stiffness and angular deformation values for the adjustable stiffness clutch mechanism.
Analytical results were compared with the numerical and experimental results with the
measurements made on the developed simple experimental setup and simulation model.
Moreover, the fact that the moment of inertia of the beam changes with torsion was not
taken into account should make a difference between analytical and experimental results.
Analytical, numerical, and experimental results were expected to differ in long beams with
a significant torsion angle. However, no such effect is seen in the results because torsional
stiffness becomes dominant in long beams compared to bending stiffness.

In the design, cross-section, section moment of inertia, and modulus of elasticity also
affect the stiffness of the elastic clutch. Clutch length (beam length) is the easiest parameter
to actively control among these parameters. For this reason, beam length was chosen as the
control variable in the stiffness adjustment design, and beam length was emphasized in
the analyses. If the design is modified, the radial position of the beams can also be actively
controlled and used for stiffness adjustment. To guide future studies, the effect of the radial
position of the beams is also shown for three different positions in the study. Different beam
sections were not tested in the study, as the beam section is difficult to control actively.

The adjustable elastic clutch introduced in this study is suitable in size for use in a small
standard servo actuator. The results show that the elastic coupling mechanism introduced
in the article can adjust the stiffness in a wide range, and the design is simple enough to be
produced in tiny and large sizes. Although the stiffness adjustment is made manually in the
experimental test setup, stiffness adjustment can be made by adding a simple adjustment
bolt or a servo motor. The stiffness cannot be actively controlled while the system is in
motion, as an adjustment screw drives the clutch length. However, by connecting a second
servo actuator, the stiffness can be actively controlled while the system is in motion. Since
this study focused on the stiffness modeling of the clutch and the verification of analytical
calculations by simulations and experiments, a simple manual adjustment was preferred.
Future studies are planned to test the stiffness adjustment mechanism’s performance in
legged locomotion mechanisms and robotic arms. This adjustable clutch design could be
considered an alternative to existing designs due to its simple structure and wide range
of stiffness control. In addition, it is planned to obtain a more precise analytical solution
for a rectangular beam that is forced to bend and twist simultaneously, which is the basic
element of the adjustable clutch mechanism.

5. Conclusions

• The results show that the stiffness of the clutch mechanism can be adjusted over a
wide range thanks to the prismatic beams’ bending and torsion-based design;

• The simple analytical approach yields more accurate results as the torsion of the beam
becomes dominant compared to its bending because the analytical approach neglects
the change in the moment of inertia of the section in the bending problem;

• It has been observed that as the active clutch length increases or the beams get closer
to the center, the torsion of the beams is more dominant than the bending;

• The stiffness in the adjustable elastic clutch mechanism is simple enough to be actively
controlled by an additional servo motor while the system is in motion. This way, it
has been evaluated as suitable for actuators with variable stiffness.
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