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Abstract— Utilizing industrial robots is an efficient method for addressing the labor crisis and advancing
industrial technologies. As a result, industrial robots are becoming increasingly popular. Additionally, the
widespread use of industrial robots will increase the interest in robot propulsion mechanisms. Legged robots
should be primarily investigated because of their potential advantages. Among leg mechanisms, Jansen's linkage
(JL) has gained popularity due to its organic walking motion, scalable design, and simple drive by rotary input.
However, the highly nonlinear nature of JL makes its analysis challenging. The research provides a user-friendly
toolbox design that visualizes the toe trajectory and simultaneously calculates the step height by performing a
kinematic analysis of the JL using the user-supplied link lengths. In this way, the study contributes significantly
to the design phase of legged robots and reduces the amount of time required.
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1. Introduction

The mechanisms used in many industries such as agriculture (Guo et al., 2020), automotive (Jiang et al.,
2022), healthcare (Zhang et al., 2021) and aerospace (Meng et al., 2022) are tools that convert input motion,
force or torque into output motion, force or torque. As one of the building blocks of industry, these tools include
linkages, gears and gear trains, cams and followers, and combinations of these. Among these, linkage
mechanisms are the most widely used mechanisms in walking robots.

Leg (linkage) mechanisms are mechanisms that are driven by one or more crank links and convert rotary
motion into gait motion. The advantages of legged robots over other types of robots, such as wheeled robots, can
be summed up as improved mobility, the capacity to handle obstacles, active suspension, energy efficiency, and
potential speed (Song & Waldron, 1989). Due to these advantages, leg mechanisms are frequently encountered
in the literature. The most popular leg mechanisms are Chebyshev Lambda Linkage (CLL) (Liang et al., 2012),
Rygg's Mechanism (RM) (Rygg, 1893), Klann Linkage (KL) (Lokhande & Emche, 2013) and JL (Parekh et al.,
2014). Developed by Chebyshev in 1870, CLL converts rotational motion into translational motion with constant
velocity based on the four-bar mechanism. Developed by Rygg in 1893, RM was used in a walking machine
known as a mechanical horse, with the rider transferring power to the machine by turning pedals. Developed by
Klann in 1994, KL is a planar six link mechanism modified from the Stephenson type Il kinematic chain
(Klann, 2001). Developed by Jansen in 1991, JL is a planar eleven link mechanism designed to simulate the
walking motion of mammals (Jansen, 2007). The JL is superior to other leg mechanisms with its advantages such
as scalable design, energy efficiency, load carrying capacity and natural toe trajectory (Nansai et al., 2013). Of
these parameters, the toe trajectory is an adjustable output of the JL and is important for the walking
characteristics of the legged robot.

The trajectory of the mechanism is determined by JL's big toe. The crucial step height for the leg mechanism
is determined by this trajectory. Therefore, the analysis of the trajectory is of great importance in terms of
transforming the leg into a walking structure (Mehdigholi & Akbarnejad, 2012). Numerous studies have been
conducted on trajectory analysis due to its significance. Using Pro Engineer software, Moldovan and Dolga
(Moldovan & Dolga, 2010) performed trajectory analysis for specific link lengths. Regulan et al. (Regulan et al.,
2016) designed a robot based on the JL and performed a kinematic analysis of the mechanism using MATLAB
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software. Patle et al. (Patle et al., 2017) analyzed the effect of different link lengths on the trajectory. Since many
of these studies are based on CAD analysis, the mechanism must be reconstructed for different trajectory
experiences. In addition, the step height, which is of great importance for leg mechanisms, is measured
manually.

Therefore, the development of a toolbox to overcome these deficiencies in the existing literature is described
in detail. The designed toolbox's user-friendly interface enables simple modification of input link lengths. As a
result of the kinematic analysis with the given inputs, the final trajectory is visualized and the step height is
calculated. Besides, the simulation is continuously repeated in an animate manner for condition 0°< ©2 < 360°.
During the animation, the link positions can be displayed momentarily, while the animation can be stopped at
certain positions to examine the posture of the mechanism. If the mechanism drifts into singularity as a result of
the given link lengths, the toolbox warns that the link lengths are not correct to generate the JL. With all these
features, the toolbox provides a rapid method for determining the leg mechanism's desired trajectory and step
height. In this way, it makes a great contribution to the design phase of legged robots and minimizes time
consumption.

2. Kinematic Analysis of Jansen’s Linkage

The kinematic analysis of a mechanism consists of calculating the position, velocity or acceleration of its
links. Kinematic analysis methods can be summarized as graphical (Arrouk et al., 2018) or analytical (Gaikwad
et al., 2004) methods. Graphical methods are easy to implement compared to analytical methods. However, it
produces instant results and requires recalculation according to the movement of the mechanism. Analytical
methods produce parametric results, giving accurate results for every movement of the mechanism. In the
literature, there are hybrid methods such as graphical-analytical (Alaci et al., 2018) that combine the benefits of
both approaches.

In the study, an analytical method was used for kinematic analysis, since JL includes repetitive loops.
Closed-loop mechanisms such as JL can be mathematically modeled by expressing mechanism links with
vectors. These mathematical equations are referred to as Loop Closure Equations (LCE). For a position analysis,
the LCE includes the known lengths and unknown positions of the links. Thus, the LCE can be solved for two
unknown position variables.

2.1. Position Analysis

The study focuses only on the position analysis of the JL. The analysis can be simplified by using
trigonometric identities. These identities are given in Equation 1 and Equation 2 where t=tan @) After these
transformations, Equation 3 can be used to easily determine the unknown link position.

2t

sin(B) = e
1)

cos(B) = %
)

0 = 2arctan(t)
@)

The first stage of analytical position analysis is to write the LCE of a particular closed loop. Figure 1 gives a
representation of the linkages of the JL. The LCE of loop 1 formed by the vectors L, Lip, L1; and m can be
written as

L, + Ly + 7 =Ly, @)
Equation 4 in vector form can be divided into x

L,cos6, + L{,c080;, + mcosa = L;;c0s04,
()

and y axis

Lzsinez + lesinelz 4+ msina = Lllsinell,
(6)

components. The positions of ©11 and 1, are unknown while ©2, m, and a are known values given by the
user. The way to find one of the unknowns is to take the squares of Equation 5 and Equation 6 and add them.
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If the constants are defined as

C, =m? + 1% + 1%, — 12, + 2mL,(cosacosO, + sinasin®,),
C, = 2mL,,cosa + 2L,L,,c0s0,,
C3 = szlzsin(x + 2L2L125in62,

the result of the sum of squares will be

Czcoselz + C3Sin612 + Cl =0.
()

Figure 1. Loops and linkages of the JL

If Equation 1 and Equation 2 transformations are applied in Equation 7,

(t12)2(c1 - Cz) + t12(2C3) + (C1 + Cz) =0
8

is obtained. Equation 8 will have two roots and therefore two solutions, t1, and t3,. This results in two
solutions for 1o,

01, = 2arctan(tl,)

©)
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and

02, = 2arctan(t?,),
(10)

with the help of Equation 3. The two solutions of 01, refer to two distinct constructions of the loop. Since the
physical posture of the JL is obvious, one of these two solutions can be easily chosen and the ©11 can be
determined by substituting the selected ©12 angle in Equation 5 or Equation 6.

The LCE given in Equation 4 can be written for Loop 2, Loop 3, Loop 4 and Loop 5. By following the steps
for Loop 1, ©s and 01 can be found with the help of Loop 2, ©3 and g with the help of Loop 3, Os and O with
the help of Loop 4, 04 and ©s with the help of Loop 5. For the two sets of inputs given in Table 1, a complete
position analysis was performed with the help of Equation 4-10 and instant outputs were calculated for ;! =
269.29°and ©2%=272.16°.

Table 1. Calculated instant outputs for two different input sets

Instant 1% Qutput Set for Instant 2 Qutput Set for

1t Input Set

2" Input Set

0,1 =1269.29° 0,2=272.16°
m=10.0cm ©3;=19.35° m=38.0cm 03=126.25°
L,=2.6cm O,=85.84° L, =15.0cm 0,=70.71°
L3 =15.2cm O5=113.54° L3 =61.9cm O5=104.18°
Ls=11.2cm O6= 65.04° Ls=49.0cm Os= 68.26°
Ls=17.5cm 7= 148.02° Ls = 65.7 cm 07=151.61°
Le =10.2cm Og=140.53° Le =39.4cm Og=151.82°
L7=9.2cm O9=60.20° L7 =36.7cm O9=63.31°
Lg=10.2cm O10=41.50° Lg=40.1cm O10=19.74°
Ly =8.8cm O11=95.20° Lg=39.3cm O11=65.55°
Lip=9.0cm O =126.42° Lip=55.8 cm O1=114.45°
Li1=125cm Step height = 7.56 cm Li1=415cm Step height = 39.41 cm
L1z =18.7cm L12=50.0cm
a=0° a=11°

2.2. Design of the Toolbox

Python, which is an object-oriented and interpreted programming language, was preferred for the design of
toolbox. Python-based and open-source software packages have been chosen as NumPy for scientific computing,
Matplotlib for graphical representations, and Tkinter for building graphical user interface. Figure 2 shows the
toolbox's general interface and running state.
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Figure 2. General interface of toolbox

The Toolbox simply takes the user-supplied link lengths. With these inputs, unknown link positions are
calculated for the condition 0°< 0, < 360°, using Equation 4-10 and with the help of the NumPy package. A
graphical representation of the mechanism with known link lengths and calculated link positions is visualized for
condition 0°< ©,< 360° with the help of the Matplotlib package. The graphical representation also includes the
trajectory produced by the specified link lengths. Using the NumPy package, the step height is determined by
analyzing the trajectory information. All inputs and outputs are placed in the GUI with the help of the Tkinter
package. The interface also includes buttons to stop the simulation for any 6, value during the 0°< 0, < 360°
condition. In this way, the position of other links can be examined for a particular position of the drive link. The
program has been debugged and if the mechanism drifts into singularity as a result of the given link lengths, the
toolbox alerts the user that the link lengths are not correct for creating the JL. With all of these features, the
toolbox provides a fast and effective solution to determine the desired trajectory and desired step height for the
leg mechanism of any walking robot.

2.3. Tests of the Toolbox

The test of the toolbox requires validation data. For this purpose, the calculated data given in Table 1 can be
used. Figure 3 presents a graphical representation of the mechanism at time ©;' = 269.29° and 0,2 = 272.16°
generated by the toolbox in both datasets.
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Figure 3. Graphical representation of JL for two different datasets

When outputs such as graphical representation, link positions and step height are compared with the actual
results in Table 1, it was determined that the outcomes were identical. Finally, for inputs m=95 cm, L»=30 cm,
L3=140 cm, Ls=150 cm, Ls=120 cm, Ls=100 cm, L7;=90 cm, Ls=100 cm, Ly=98 cm, L10=175 cm, L1;=70 cm,
L12=100 cm and a=0°, which are known to drive the mechanism to the singularity, Toolbox warns that link
lengths are not suitable for generating the JL.

3. Conclusions

Utilizing industrial robots is an efficient strategy for addressing the labor shortage and advancing industrial
technology. Oxford Economics predicts that by 2030, industrial robots will replace 8.5% of the current global
manufacturing workforce. Additionally, the prevalence of industrial robots will increase interest in robot
propulsion mechanisms. Compared to other propulsion mechanisms, legged robots are undoubtedly the most
suitable robots for rough terrain exploration, military research and other challenging conditions. Among leg
mechanisms, JL has gained popularity due to its organic walking motion, scalable design, and simple drive by
rotary input. Due to these factors, more research should be conducted on JL to meet the growing
industrialization’s demand.

The study successfully presents a toolbox design that visualizes the toe trajectory and simultaneously
calculates the step height by performing a kinematic analysis of the JL with the link lengths provided from the
user. The designed Toolbox's user-friendly interface makes it simple to modify input link lengths. As a result of
the kinematic analysis with the given inputs, the final trajectory is visualized and the step height is calculated.
Additionally, the simulation is repeated continuously for condition 0°< ©,< 360°. The animation can be stopped
at specific points to look at the mechanism's posture, while the link positions can be displayed momentarily
during the animation. Toolbox issues a warning if the mechanism drifts into singularity as a result of the
provided link lengths, indicating that link lengths are insufficient to produce the JL. With all these features,
toolbox offers a quick solution to obtain the desired trajectory and step height for the leg mechanism. In this
way, it makes a great contribution to the design phase of legged robots and reduces the amount of time required.

4. Nomenclature
4.1. Abbreviations

JL Jansen’s Linkage

LCE Loop Closure Equation
CLL Chebyshev Lambda Linkage
RM Rygg's Mechanism
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KL Klann Mechanism

4.2. Symbols

G Fix Point 1

€7) Fix Point 2

m Distance Between Fix Point 1 and Fix Point 2
a Position of the m link

7 Position of 2" Link

O3 Position of 3™ Link

Os Position of 4™ Link

s Position of 51 Link

s Position of 6™ Link

07 Position of 7" Link

Os Position of 8™ Link

¢ Position of 9™ Link

010 Position of 10" Link

Ou Position of 11" Link

O Position of 12" Link

Ol 1% Solution of The Position for 12" Link

0212 2" Solution of The Position for 12" Link

L, Length of 2" Link

Ls Length of 3 Link

Ly Length of 4™ Link

Ls Length of 5 Link

Le Length of 6™ Link

L, Length of 7" Link

Lsg Length of 8 Link

Lo Length of 9™ Link

Lio Length of 10" Link

L11 Length of 11" Link

L1z Length of 12" Link

C: Constant 1

C: Constant 2

Cs Constant 3

t2 Transformation Variable to Solve Position of 12" Link
tl, 1% Transformation Variable to Solve Position of 12" Link
t21, 2" Transformation Variable to Solve Position of 121" Link
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