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Abstract: This work focuses primarily on the D-H method, as one of the most important methods used in the process of
designing robotic structures. In the introduction, the history of the D-H method and its general use is briefly mentioned.
In the following section, the algorithm for applying D-H in the form of mathematical formalism is explained. In this part,
the individual steps of creating transformational relationships are explained in more detail. The next chapters deal in more
detail with individual application types within service robotics. The first type deals with the application deployment of
the mobile robotic platform, the second deals with the mobile humanoid robotic structure, the other deals with the four-
legged robotic mechanism and the last type with the application of the robotic arm.

1 Introduction and we will dive deep into it. As mentioned previously, the
With the fast advancement of robot innovation, servicgerial manipulator comprises of several links connected in
robots are slowly showing up in a wide area to the publigeries. One end of the; arm is attached to the ground and the
Service robots are the one which will perform work in &ther end of the arm is made to move freely in space. The
fully automatic or semi-automatic way for a human ofixed armis known as base and in the free end a mechanical
another equipment for which the service robot is made fdtand or gripper is attached. The important aspect for a
Scientific researchers from various parts of the globe afi@bot to performiits task is the establishment of the location
investing their time and effort towards the control an@f end effector relative to its base. This method of
intelligent algorithm of the service robots. One of th&stablishing the location offend effector with respect to the
important elements of a service robot is its arm also knov@se is known as position analysis problem. There are two
as the manipulator [1]. It is a significant characteristic gfubdivision for solving the position analysis problem. One
the service robot to have a flexible arm which has to be direct position method or direct kinematics method. In
controlled as per its requirement [2]. Kinematics is the aré@is method, the goal is to find the location of the end
where the control of the arm is designed to serve igffectorin which the joint variables are given. The other is
purpose and analyse the arm movement to be effecti® inverse position or inverse kinematics method in which
according to the mechanical structure of the robot. the location of end effector is known, and the aim is to find
The robot manipulator is classified according to théhe joint variables that are needed to bring the manipulator
kinematic structure as serial, parallel and hybriéP its required position [3-6].
manipulator. In serial manipulator, each individual link is

connected to other link in series by different joints, usuall

prismatic or revolute joints. It is also called open loo

chain. Parallel manipulator on the other hand consists l 1

several closed loop chains where one joint in the chain

actuated and the other joints are passive. A hybr [ Serial ] [ Parallel ]

manipulator combines the serial and parallel manipulatc

The above image (Figure 1) shows the classification ofigure 1 Classification of Manipulator according to kinematic
manipulator according to their kinematic structure. We are structure

interested towards the serial manipulator in this document
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There are many methods available to deal with tHemown as D-H parameters and below is the process for
Kinematics of the manipulator. The best among thachieving the transformations. The variables denote the
available method has to be chosen with due to the roboftlowing:

mechanical structure. Most successful and widely used
methods include numerical method, geometry method,
optimization algorithm and the vector algebra method. The
numerical method refers mainly to the Denavit-Hartenberg
method [7]. It is also called as 4x4 matrix method or simply
D-H method. Jacques Denavit and Richard Hartenberg in
1955 introduced this method in order to standardize thg
coordinate frames for spatial linkages. This method is a
consistent and short description depicting the kinematic

d, offset along the previous Z axis to the common
normal,

0, angle from previous Z, from old X to new X,

a, length of the common normal (also denoted)as
Assuming revolute joint, this is the radius about
previous Z,

a, angle about common normal, from old Z axis to
new Z axis.

relations among the links connected by 1 degree-of- The D-H parameters gives a standard way to write the
freedom lower pair joints, usually, rotational and prismatigyanipulator's kinematic equation, especially for serial
joints. Nowadays, various other methods were introducefanipulators. This can be done by using a matrix (2) to

by this method still shows to be efficient for severabypress the position and orientation of one body with
specific movements of the robotic manipulator. We will b@agpect to another body.

looking into this method and then some of the areas where

this method is used in positioning the robotic manipulator
in achieving their requirements [8-10].

2 Denavit Hartenberg Method

In this method, the coordinate frames are attached to th
joints between two links such that one of the
transformations is associated with the joint [Z], while th
second is associated with the link [X]. For a serial robot
consisting of n links, the coordinate transformations from
the kinematic equations of the robot are given by (1),

[T] = [Z,1X,)[Z,][X2] . [Z3-1 [ Xn-a ][ 20 (X ] (D)

where [T] denotes the transformation locating the en&-’1
link. Below is an image showing the four parameters

involved in the D-H convention.

Jointj41
L
g

Figure 2 Four parameters of D-H convention [7] .
From the above image we can depict that the four
parameters associated with the D-H convention which are
represented in red colour. They éxed, a, ;. Using these
four parameters we can translate the coordinates fiam O
Xia, Yia, Zia to Q, X, Yi, Z. These four parameters are

~ 48 ~

n—lT —
n=

cosf, -—sinf,cosa, sinf,sina, a,cosf,
sinf, cos@,cosa, —cos@,sina, a,sind,
0 sina, cosa, d,
0 0 0 1

(2)

dhis can be written as (3):

HTnz[o g 0 ﬂ (3)

where: R is the 3x3 matrix representing the rotation and T
is 3x1 matrix representing translation.

Advantages of D-H method

Some of the advantages of the D-H convention are as
owWs:

Main aspect of D-H convention is the roto-translation
in terms of only 4 variables for each individual link
when compared with the canonical form involving 6
variables (3 for translation and 3 for rotation).

It is very easy and convenient to get the
transformation of number of links attached in series
by multiplying the transformation series rather than
calculating manually by basic geometry method [11-
12].

Faster convergence of estimated states is achieved in
a least-squares technique by employing D-H
parameters to it. Simply saying, this will help in the
reduction of error faster [11-12].

D-H parameters are more consistent and simpler
when compared to Product of Exponential (POE)
parameters with respect to serial link robots [13].
Minimal representation is achieved with D-H
parameters. It is nice when worked with linear algebra
computations.

D-H based algorithm model acts as an efficient tool
for sub-problems and also for real-time inverse
kinematics solution for the trajectory of serial link
robots [2].

Copyright © Acta Mechatronica, www.actamechatronica.eu
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3 Applications of D-H Method From the table, we can depict that, thes the i-1th

3.1 Body Activity Interaction for a Service Robot joint ar_mgle_ ando; is the i-j[h torque angle. Whereas t.he
In the field of intelligent robots, the interaction withoffset link is den(_)ted as di and_ ai is the length of the link.
human body plays a major role. Body Activity InteractiofATLAB Robotics Toolbox is used to control the
in a service robot [13] works in a way to realize the bodinematics motion planning of the robotic arm which are
activities and interact accordingly. Microsoft Kinect isiSed to design the hand shaking and hand waving motions.
utilized to capture the body movements and the actidrigure 4 shows the planning of the variations in joint angle
recognition module provides input signals depending dR" Performing the handshaking motion computed in
the captured movements programmed into it. The field dMATLAB [13].
from Kinect is capable of tracking the 20 bones of human
body and by processing this data we can obtain the
recognition action for the robot movement. Some of th=

Table 1 Denavit-Hartenberg parameters for the robotic
manipulator [13]

field data includes tracking the human shoulder, wri ' 0 “io a (M) di (m)
joints, elbows, etc. Below image (Figure 3a) shows th__ X1 61 -90 0 0.065
robot’s structure and the motion control of the roboti 2 02 - 90° -90° 0 0
manipulator (Figure 3b). The Kinematic model consists ( 3 03 + 90° 90° 0 0.170
6 degree of freedom right arm of the robot consisting of ti= 4 02 -90° 0 0
links and it is solved with _the help of D-H conv_entlon. Th 5 05 - 90° 900 0 0.169
parameters used for solving the D-H convention are list 0. 1 90° 0 0 0
in the table (Table 1). . %
07 - - — - - T
—— Firet jaint
0.6+ —3— Second joint |
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Figure 3 a) Structure of the robot [13] g 04 et LR 4 42 cHE 48 18 2
tiz}
OX N First joint Figure 4 a) Right arm lifting [13]
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Figure 3 b) Motion control of the arm [13] t(s)

Figure 4 b) Right arm lowering [13]
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From the above images we can derive that the positivEable 2 Denavit-Hartenberg parameters for the mobile service

values are obtained for the first and the fourth joint robot [14

meaning that rotation about fixed degrees in fixed directiq_Joint, I (0] a; di 0;

of the shoulder and elbow joints thus extending the rig| 0A 90° 0 d 01
arm. For lowering the right arm, the first and fourth join B 0 a 0 0,
are taking the negative values [13]. C 0 Y 0 0s
3.2 Mobile Humanoid Robot 2 0 0 0 Gripper

Mobile humanoid robot [14] has been invented to assist .
re hu ! [14] nv ! The table (Table 2) shows the D-H parameter used in

elderly people. The robot is constructed with a visual Vi he ki . £ th b d th (4
sensor for recognizing objects. At the lower part of thg°!Ving the kinematics of the robot and the matrix (4)

robot is placed the Laser Range Finder which helps tgpresentation of the D-H convention is given as follows:
detect obstacles. Once the object is identified, the robot

moves toward it and then it uses the grasping motion to ;?1 ?3 :;:1 ?3 S1 (a3 63 + a2 6)
hold the object. It can also be used in hospitals or homeszg = [ 23 1523 =0 €1(a3 3 + A5 ) (4)
work actively with the humans in real environment. Below S23 Ca3 0 aszs;3 +azs; +4dy

image (Figure 5a) shows the robot design and the image 0 0 0 1

(Figure 5b) represents the kinematic mechanism of the

robot manipulator. From the D-H Matrix we can derive that the orientation

of the end effector was represented by the first three
columns and the position of the end effector is represented
by the last column such that, in terms of joint angles we
can derive both the position and orientation of the end
effector [14].

OB=d = 220 mm
BC = a, = 260 mm

CD = a,= 350 mm

Figure 5 a) Showing the mechanical design of mobile Humanc ] ) ‘ ]
robot [14] Figure 6 Manipulator for D-H convention [14]

3.3  Quadruped robot

Quadruped [15] robots are used to mimic the animal
waling gait. It has four legs instead of wheels. The main
advantage is that they can be used to walk on terrain and
extremely hard surfaces. This is the main difference among
the quadrupeds when compared with that of the wheeled
vehicles where the vehicles with wheel will be stuck in
place of the obstacles on a rough path and the quadrupeds
can easily move pass the obstacles by adjusting their
height. The D-H convention is used for deriving the
kinematic solutions and thus these solutions can be used
for simulating the movement using 3D software. The robot
can be controlled via an Android application using the

‘ Bluetooth Technology. The robot hosts six types of

Figure 5 b) Showing the. kinematics structure of mobile movements: forward, backward, left walking, right
Humanoid robot [14] walking, rotation in clockwise and anti-clockwise
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direction. Obstacles within the range of 300 cm ar8.4 Robotic Arm

identified with the help of ultrasound sensors. The robot is The robotic arm [16] here discussed is used for pick and
capable of moving in parallel towards an identifiehlace operations. The robot is provided with the voice
obstacle in a way to avoid colliding with it. Each of the fourecognition and image processing capabilities. The
legs of the quadruped has 2 degrees of freedom whigimulation of the mechanical structure in forward
resembles the hip and knee joints of the leg and in totakihematics is carried out in MATLAB and the design is
has 8 degrees of freedom. In this case, the following are thsing the Denavit-Hartenberg convention. The serial link
D-H parameters associated with the quadruped movememtanipulator is achieved by the connection of the links with
the link length is represented as a and the link twist as the joints in a sequential manner and thus it is analysed
The link offset as and the angle of joint as T. Below is thgith the D-H parameter method. By this, we can obtain the
D-H parameters table (Table 3) and the matrix (Sksult in a matrix where the Cartesian position of the end
representing the D-H convention [15]. effector is expressed in terms of the joint coordinates. The

D-H parameter is shown in the table (Table 4).
Table 3 D-H parameters for quadruped robot [15]

Link a A d T _
L1 a 90 0 i ———>
Lo 2 0 0 b E

C1C; —C1S; S 51(a1+a252)

T = S1€2 TS1S2 —¢; 5 (a1 + azcz) (5)
S, Cy 0 a;S;
0 0 0 1

Figure 8 a) Design of the robot arm [16]

Figure 8 b) Kinematic analysis of the arm [16]

Table 4 D-H parameters of robot arm [16]

Joint, i -1 di 0; a1
1 90° d 01 0
2 0° 0 02 &
3 0° 0 03 3
4 90° 0 04 =1
5 90° 0 0s 0
6 Qe 03 0s 0

The arm of the robot is constructed in resemblance to
the human arm joints like shoulder, elbow and wrist. Each
of the elbow joints has a single degree of freedom and the
wrist can project in two planes namely, Rolland pitch, as a
result of providing more flexibility for the end effector in
terms of manipulation of the object [16].

Figure 7 b) Quadruped robot — front view [15]

~51 ~
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4 Conclusions [7] SPONG, M.W., VIDYASAGAR, M.:Robot Dynamics

The Denavit-Hartenberg method is one of the effective and Contro] New York: John Wiley & Sons, 1989.
and simple way to derive the kinematics of a robdB] PRADA, E., BALOCKOVA, L., VALASEK, M.
mechanism. There are a number of applications apart from Elimination of the Collision States of the Effectors of
the topics discussed in this document that involves the use Industrial Robots by Application of Neural Networks,
of Denavit-Hartenberg conventions. Even though, a Applied Mechanics and Material¥ol. 798, pp. 276-
number of methods are available, the D-H method is still 281, 2015.

one of the widely used method to solve the kinematid8] PRADA, E.,

problem in a robot.
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Abstract: Four-bar is the simplest planar 1-DOF closed loop linkage. It has been studied for centuries for its versatility
and simplicity. In this paper a novel design method to obtain a four-bar linkage given a path and its endpoints will be
presented. This method will then be applied to a case study of making a model that produces a specified movement based
on reference animation. The mechanism obtained had an average root-mean-square of position error of roughly 14.3
pixels for front leg and 25.9 pixels for hind leg. This number is quite small compared to the perimeter of the traced path,
which are 530 pixels and 617 pixels for front leg and hind leg respectively. A prototype model of the designed mechanism
was fabricated to verify its manufacturing viability and to confirm the correctness of the path generated.

1 Introduction After the design is finalized a prototype was fabricated

There has been quite a considerable interest l|4»$|ng combination of additive (3D Printing) and traditional
development of motion guided toy following thesubtractive manufacturing. This is to ensure both the
publication of a seminal work by Zhu et al [1]. Recenyiability of the mechanism (no interference) and the
developments include T-Rex, Pushing Man and Dog td@lidity of the claim mentioned previously (that a CNC
[2], Bull toy and Dancing Lantern [3], and Dancingma(;h|ne is not necessary to produce.the desired motion).
Automaton [4] from motion Capture sequence. HoweveWhlle we still req_UIre the.use of 3D prlnter to prOdUCG the
the commonality between the designs of all these toysR§dy of the toy its use is less pronounced compared to
that they are machine elements that are relatively difficuprevious works. 3D Printing has enjoyed quite immense
to produce like gears and cams. These elements wogeRularity in the recent year mainly due to major patents
require motion in at least two axes to be produce®ipiring sometime in 2009 [10]. It works by depositing
correctly. This would mean that one would require a CN@olten plastic on top of moving base layer by layer. It has
machine to produce the mechanism. One solution kgen used for research in various fields such as
simplify the mechanism would be to use one of the simple&ticrofluidics [15,16], optics [17,18], biomedicine [19],
planar mechanism, which is a four-bar linkageand even aerospace [20].

Unfortunately, most of the case study for four-bar design ]

has been focusing mostly on straight lines [5], circle [6R  Design

and figure-eight-like motions [7]. Most of the current work  First consider a four-bar linkage that reaches a limiting

also seems to focus on Evolutionary Algorithm/Genetipoint at position 1 and 3 as shown in figure 1. In this text

Algorithm whose emphasis is on letting the computarotation similar to that of Sandor-Erdman [21] will be used

attempt optimize four-bar parameter by itself without any
additional heuristic from human [8,9] however the

effectiveness of these techniques depends highly on initia
position chosen. There is no guarantee that there will be
convergence during solution space exploration. With
recent advances in technology, it is already possible to d«
a brute force on four bar search space as long as corre
assumptions are made [10,11]. However even using
aforementioned software it still takes quite a long time to
finish the search (roughly 4 hours). There are also works
on synthesizing function [12,13] but those studies are
orthogonal to ours as their works focuses on making &
connection between input angle and output angle while ou
works focuses on creating motion based on prescribec V4 :

path. This work attempts to bridge the existing hole in the " Figure 1 Four-bar Linkagewith 2 Endpoints

study by providing an algorithm that can produce four bar a typical four-bar linkage design is typically done by

that is capable of producing the desired walking motiogy|itting the linkages into two parts called dyads. Equations
within more reasonable time limit.
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for both dyads can then be solved simultaneously. Let us 3’3 ]
initially consider the left dyad that contains the prime +- (e"2 —1)

ip — —
mover and ignore the right dyad as shown in figure 2. € 3(_18—>a) (1+a) ©)
- 92

These are two equations (real and imaginary part) with
4 unknowns iB2, f3,y2, and a. Sinc2 andp3 are angles
we can choose any number from 0 toa®mour selections.
Alternatively, if timings are important we can
predetermingd2 andf3 since those angles correspond to
crank angle for position 2 and 3. Either way for each pairs
of B2, p3 we will have corresponding solutionsyid and a
since each tuples must fulfil (6).

1+ 2a + a? — cos(B,) — acos(B,) — cos(B3)
+a? cos(B3) + cos(B,) cos(B3) — acos(B;) cos(B3)
a cos(y,) —a? cos(y,) + acos(Bs3) cos(y,)
—a? CO?(Y;) co(s(B)g) + sin EBZ))sin((Bg))—
. asin(B,) sin(B3) + asin(f3) cos(y,
Figure2 Left Dyad —a? sin(B) cos(y,)
From figure 2 we can see that the curves endpoints are = Re( ) 21+ a?) + (-1 +a?) cos(B3) (7)
reached when W and Z either points to the same direction
or exact opposite of each other so we can get (1).

We can solve this equation (7) by replacingcosith
x and siny2 with \(1-x?). By collecting all terms with x on
one side and/(1-x) on the other and squaring both sides
we can get quadratic equation in x. We can then represent
. x in terms of a (8). Next, we take a look at the imaginary
with respect to length oiV.

Note that this is a sufficient but not necessary conditid%alrt of (6).
as there are cases where the endpoint is reached without W
and Z pointing to the same direction or opposite to each
other but as we can see in the case study later the search
space for our method is wide enough that we won't need to
consider all the possible cases (2).

W=aZ 1)

Wherea is a scalar signifying the ratio of length of

—sin(B;) —a sin(B;) + cos(B;) sin(B)
—a cos(B3) sin(Bz) + sin (B3) — a” sin(B;)
—cos(B;) sin(B3) + a cos(B,) sin(B3)
—a cos(y,) sin(B3) +a’ cos(y,) sin(B;)
—asin(y,) —a %sin(y,) +a cos(B;) sin(y,)
— —a? i
W(eiﬁ;; _ 1) + i(eiy;; _ 1) — 83 (2) 5 a COS(BS) Sln(YZ)
— Im (é) 2(1 + a?) + (-1 + a?) cos(Bs)) (8)
But we know that at position 3 W and Z points to
opposite direction as compared to position 1 so we have since x is cos, and H/(1-x,) is siny. we can replace

). L . all terms that containg with either of those terms. We can
Weibs = —qZelvs (3) then substitute x value with representation found from (7).
The resulting equation only contains one unknown which

Substituting Z from this equation (4) into (2) is a, which can then find by numerically solving for the
polynomials. Note that not all a that is found is a valid
_ 83 @) solution since there is possibility that x >1, x<-1 or even x

~ ef3(1-a)-(1+a) is imaginary. That is why we will need to double check the

o N solutions found against (5).
Similarly for position 2 we have (5)

W(e#z — 1) + Z(e"2 — 1) = 3, (5)

By substituting W and Z from (4) and (1) respectively
we can get (6).
8
eifs3(1—-a)—(1+a)

(e -1)
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W (e —1)+Z'(e-1)=3, (10)

h=x_] So now we have four equations with 6 unknowns. Like
the previous dyad we will iterate through b@gi andp3’
L fa=v from 0 to 2« Likewise for each pairs we will generate its
I | na corresponding W’ and Z'. Since (9) and (10) are linear
(so1ve for W,Z, and =] equations in those two variables solving them should be
pretty straightforward.

Once we have found the tuples (W, Z, W’, Z') we have
Backcheck Solution Valldiy practically defined the four-bar linkage. We can then
determine the suitability of the said linkage by considering
N the following:

[_i.d:l to List of Valid Solurion_:l

1. Grashof Criterion.

Grashof criterion says that the sum of the longest link
and the shortest link should be less than the sum of two
remaining links. We can find the length of each links by
taking the magnitude of vectoré, W, (Z-Z'), and (W+Z-
W’-Z") respectively.

-
i & B 4 0.02x
invalid 2 ! -

3y = By 4+ 027

End ) 2. Crank-rocker or Drag link configuration.

For a fourbar to make a complete rotation the shortest
link needs to be either the ground or the input link. In other
words among the four linkages eith&r or W+Z-W'-Z'
Heeds to be the smallest of the four.

Figure 3 Left Dyad Design Procedure

Now let's take a look at the right dyad as depicted i

figure 3. 3. None of the coupler angles are imaginary.

We find every coupler angles for each input angle
rotation that we are interested in using forward kinematics
and verify that none of them are imaginary to make sure
that we have a valid linkage.

4. Attempt to minimize the distance between each coupler
positions and the supposed position.
We can do this by choosing angle combinatifn$s,

B2', Bs' where the (11) reaches minimum.

Z(deesign - l)Xideal)2 + Z(PYdesign - PYideal)2 (11)

Figure 4 Right Dyad

Similarly the other dyad satisfy equation (2) and (5) as
well (9).

W (e —1)+Z'(em-1) =3, (9)

The prime symbol represents the counterpart for the
right dyad. There is no prime symbol f@@ because the
rotation angles are the same for both left and right dyad.
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Figure 5 Right Dyad Design Procedure

3 Fabrication

First an animated image [22] was downloaded from the
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Figure 6 Reference Animation [22]

Table 1 Paw Positionsin Pixe
Fore Fore Leg Hind Leg Hind

Internet to be used as a reference. For manufacturing
simplicity, it is assumed that both left leg and right leg

follows the same motion. The position of foreleg and hind

leg at each frame is recorded in table 1. The leftmost and
rightmost positions are selected as position 1 and 3
respectively. The positions where legs touch the ground is
selected as position 2. We can then apply the calculation

described in previous sections to the problem.
Ideally, we would like it so that each frame has similar

spacing inf however attempting to pose this constraint

tend to lead to unacceptable error in positions. As such the After the design has been finalized each linkage was

bottom part of the movement is time-stretched so that tfbricated using combination of additive and subtractive

error in positions can be minimized. Design for left dyad iganufacturing with conversion factor of 20 pixels/cm.

implemented using Mathematica while the one for rightote that additive manufacturing process is not strictly

dyad is implemented using Matlab. The linkage obtainedigquired in the fabrication of the linkage. It is only used to

then simulated using software Artas SAM.

Leg () (¥) ) Leg (y)
32 125 44
31 165 12
63 0 297 3
149 3 343 24
215 56 381 43
231 68 391 91
197 66 377 90
187 79 341 58
143 63 340 62
96 60 294 48
51 63 244 48
11 69 197 50
66 149 62

shorten the waiting time while waiting for the raw material
(acrylic) to arrive and to give good contrast whenever it is
necessary. At the end of each linkage either a 3D-printed
pin or a bearing was placed. For linkages made from
acrylic the pin was connected by welding the pin into the
acrylic using soldering iron. For linkages that are 3D-
printed the pins are printed at the same time as the linkage.
Bearings were placed by pushing them into the hole made
either by drilling (for acrylic) or pre-made hole during
printing (for 3D-printed part). The body of the toy was
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made by 3D-printing the part as well. Similarly, a bearing Table 2 Comparison between x and y positions of front leg

was also placed inside the body of the toy. X X Reference Y Actual Y Reference

Actual

0.00( 0.00( 32.00( 32.00(
19.00¢ 8.00( 9.40¢ 31.00(
71.08¢ 63.00( -2.191 0.00(
142.76¢  149.00( 8.352 3.00(
206.10: 215.00( 38.73¢ 56.00(
230.99¢ 231.00( 68.00( 68.00(
217.92¢  197.00( 74.83" 66.00(
183.06¢ 187.00( 73.39: 79.00(
135.03(  143.00¢ 69.37¢ 63.00(
87.45( 96.00( 66.33¢ 60.00(
48.86( 51.00( 62.65! 63.00(
21.31: 11.00( 55.88¢ 69.00(
4.90¢ 13.00( 45.34¢ 66.00(

As can be seen from table above the for the key frames
(points 1, 2, and 3 during the design) are exact, meaning
that the reference and actual positions as reached by the

Figure 7 Revolute Joints

4  Results and Discussion linkage are the same. By inserting these values into (11) we
Figure 8 shows the linkage generated from ouran get the squared-sum of position errors to be 2658
procedure that is to be connected to foreleg. pixels, which corresponds to root-mean-square of 14.3
pixels, which are significantly smaller than the perimeter
3 of the traced path (531 as measured by Autocad).
o

4 4

Figure 9 Hind Leg Linkage

Figure 8 Front Leg Linkage
Thelinkage for hind leg has crank with dimension of

The crank has dimension of 5.8 cm, the rocker h&s3 cm, rocker with dimension of 20 cm, and coupler with
dimension of 25 cm, the coupler has sides with dimensioaisles of 34 cm, 20 cm, and 16 cm respectively. Distance
of 4 cm, 9 cm, and 13 cm respectively. Meanwhile thieetween pivots is 25 cm long as well. Similarly, we can use
frame (distance between pivots) is 25 cm long. We can s@D printer to produce the crank while the rocker and the
3D-print the crank and the coupler while we need to useupler need to be made from acrylic.
acrylic for the rocker since it is much larger than maximum
size that Lulzbot can print. Meanwhile table 2 shows
comparison between x and y generated by the linkage and
the one from reference animation.
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Table 3 Comparison between x and y positions of hind leg i
X X Y Y - '
Actual Reference Actual Reference A
125.00( 125.000(  44.00( 44.00(
168.25: 165.00(  22.00¢ 12.00( _ TS
253.79 297.00( 5.82¢ 3.00¢ _
336.62( 343.(0C  21.80¢ 24.00( N r
385.62! 381.00(  60.05} 43.00( , .
388.61. 391.00(  93.96¢ 91.00( [¢
372.65! 377.00( 101.85: 90.00( A g
346.57! 341.00( 100.26: 58.00( 3
311.84« 340.000  89.67¢ 62.00(
269.55: 294.000  73.06: 48.00( \ a
221.431 244,000  56.24! 48.00( )
173.05( 197.00( 4631z 50.00( N
136.67: 149.00(  45.17: 62.00( .
Similarly, for key frames the actual and referenc .t-;..- ar

o
Figure 11 front leg mechanism at bottom-most (a), right-most
(b), top-most(c), and left-most positions(d)

positions are the same. Plugging these values into (11) wi
result in squared-sum of position error of 8718, which
correspond to root-mean square of 25.9 pixels, which are
much smaller than the perimeter of 616 as measured -

) .
—— : (8)
fe}

" Figure 12 Fabricated mechanismat bottom-most (a), right-most
(b) (b), top-most(c), and left-most(d) positions
Figure 10 Visual Representation of Linkage Movement,
Actual (pink) vs Reference(black), for front leg (a)
and hind leg (b)

[LH]

Prior to his work there have been several works that
related to generating specific path for animation or motion
capture purpose. Ceylan and Thomaszewski made some
Sﬁjdy regarding mechanism as internal part of the toy [3,4].
Hhile their works are more elegant than ours it comes at a
price of more complex assembly and manufacture. . In
particular Ceylan’s work requires the use of laser cutter and
Thomaszewski's work requires 11 separate links compared
to 5 links described in this paper. Our work is closer to the
original work by Zu and Coros where the movers are
completely separate from the toy [1,2]. While the problem

so that we can evaluate the performance of the linkai
qualitatively.
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is much simpler because it poses less constraints both ofWings in Hover: Concept and an Outline of Its
their work still requires more extensive manufacturing RealizationJournal of Mechanical Design, Vol. 127,
process where it requires either cam or gears inside the pp. 817-824, 2005.

mechanism. In contrast four-bar linkage only uses a rig[8] SINGH, R., CHAUDHARY, H., SINGH, AK.:
link which is relatively simpler to manufacture because Defect-free optimal synthesis of crank-rocker linkage
unlike gears or cam producing a rigid link only requires using nature-inspired optimization algorithms,
motion in single axis as compared to two or more for gears Mechanism and Machine Theory, Vol. 116, pp. 105-

or cam. 122, 2017.
[9] ACHARYYA, S., MANDAL, M.: Performance of EAs
5 Conclusion for Four Bar Linkage Synthesidylechanism and

Method to design four bar linkage based on its MachineTheory, Vol. 44, pp. 1784-1794, 2009.
endpoints and a specified path has been presented. TR HAUENSTEIN, J.D., SOTTILE, F.: Algorithm 921:
method has been applied to generate a motion on a running AlphaCertified: Certifying Solutions to Polynomial
cheetah toy. The designed mechanism was subsequently Systems, ACM Transansction on Mathematical
fabricated using traditional manufacturing method (no  Software, Vol. 38, No. 4, pp. 1-20, 2012.

CNC) to demonstrate its manufacturing viability. Motiol11] WAMPLER, C., MORGAN, A., SOMMESE, A.
generated by the mechanism has relatively small error (less Complete solution of the Nine Point Path Synthesis
than 10x) compared to the total perimeter of the traced Problem for Four-Bar-Linkagedransaction of the
path. The linkage generated is also the simplest of all ASME, Vol. 114, pp. 153-159, 1992

previous work. The procedure discussed in the text can aldg] LI, X., WEI, S., LIAO, Q., ZHANG, Y.: A Novel
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