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Abstract

In this project, the goal was to synthesise and analyse a mechanism that can do the
same movement as a chef cooks in a frying pan. The main action is based on mixing
the daily food put into an average pan in a way that can be thrown up slowly from the
end of the pan and lowered back by turning it upside down. Even though compromises
had to be made because of the budget limitations, final design supplied the desired
motion. The design is based on a four-bar mechanism, provided it can be operated by
human power or a small motor. This study utilises kinematic synthesis methodology
to generate this mechanism and uses newton’s laws to analyse the required minimum
torque and bearing reactions to safely operate the mechanism.




Contents

[1__Introductionl
(1.1 Body Guidance Synthesis|. . . . . . .. ... ... ... ... ...
(1.2 Obtaining Precision Points| . . . . . . . . . .. ... .. ... ... ......

2 Kinematic Synthesis|

P2

Obtaining Objective Function| . . . . . . . . .. .. . ... ... ... ...

P

Polynomial Approximation|. . . . . . . . . . .. ... ...

!

Non-linear Terms in Polynomial Approximation| . . . . . . .. ... ... ..

13 Calculations|

[4 Results of Polynomial Synthesis|

(>  Final Design|

B

Scaling the Mechanism| . . . . . . ... ... ... o000

6 Kinematic Analysis|

[6.1 Identitying the tasks| . . . . . ... ... ..o o oo
[6.2  Obtaining Outputs in Terms of Inputsf . . . . ... .. ... ... ... ...
[6.3 Position Analysis| . . . . . ... ...
[6.4  Velocity Analysis| . . . . . .. . ..o
[6.5 Acceleration Analysis| . . . . . .. ... oo
B6 Resulfsl. . . . . . . o

10

10

11

13

13

15



7 Dynamic Force Analysis|

[7.1 Identitying Task|. . . . . . . . . . . . ...

[7.2  Finding Moments of Inertia] . . . . . . ... ... ... ... ... ...,

(2.1 Crank Linkl . . . . 0 o .

I8 Calculations|

[9 Manufacturing|

[9.1  Printing the Parts|. . . . . . .. ... ... ...
oD . [ Conclusionl

20

20

20

21

21

22

22

22

23

24

25

29

29

33



1 Introduction

Kinematic synthesis is the main methodology for any mechanical task to be done with less
degrees of freedom. This provides cheaper alternatives for monotonous tasks. For example,
simple pick-and-place tasks often over-engineered by using 6 DoEﬂ serial robot manipulators.
Instead of that, people can use a single DoF mechanism that can be driven by single actuator.
This saves running actuator cost, complex engineering calculations thus precious time of the
engineer and initial cost to build the system. For these reasons utilising a single degree of
freedom system for this sauteing pan motion is very optimised methodology for supplying
this motion.

1.1 Body Guidance Synthesis
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Figure 1.1: Body Guidance Synthesis of an arbitrary mechanism. [2]

The methodology intended to be used to generate the mechanism was called body guid-
ance synthesis with polynomial approximation. This methodology provides link lengths and
constant angles between links for the given precision points so that given mechanism can
move through given precision points. These values of links and welding angles are called
construction parameters of the mechanism. Precision points contains the positions of the
desired end-effector and the orientation of the desired link. These values called variables of
the mechanism.

'Degrees of Freedom



1.2 Obtaining Precision Points
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Figure 1.2: Motion capturing process with Tracker software. Special thanks to the R.A.
Mertcan KOCAK for helping us capturing this motion.

The desired motion is realised by capturing a handheld video of the movement. Then the
motion analysed by a program called Tracker and the position and angle data is gathered
from the video. The inputs then are fed into the polynomial approximation of our objec-

tive function. The results were construction parameters we wanted to obtain. Lastly the

mechanism was simulated in the SolidWorks CAD software.



2 Kinematic Synthesis

2.1 About Mechanism

=% -]

Figure 2.1: Separating four-bar mechanism into two serial manipulators. [1].

The precision points have both coordinates and orientation of the end-effector, namely cou-
pler link, so that analyzed motion can be realised by a simple four bar mechanism. In order
to realise the desired four bar, a trick can be made to separate the four-bar into two 2 DoF
serial manipulators as can be seen in Figure [2.1}
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Figure 2.2: Construction parameters and variables of serial manipulator. [1].

construction parameters of {a, d, p, 61} and wvariables of {x., y., 61} for serial manipula-
tor are known. Determining construction parameters and variables are important because
the method substitutes values to respective variables by precision points and tries to obtain
construction parameters to, of course, construct the mechanism that will supply the desired
motion.



2.2  Obtaining Objective Function

We start obtaining objective function by defining loop closure equation for 2 DoF serial
manipulator; .

p+a+d=¢ (2.1)
...and then separating x and y components of Eqn. (2.1)):

pcosB +acosf +dcosa = x,

psint; +asinf + dsina = y,

Since we don’t want 3 to be in our objective function, we eliminate it by gathering terms
that include 8 in left-hand side of equation:

acosff =z, — pcoslt — dcosa (2.2)
asin 8 =y, — psinf, — dsina (2.3)

Now we can eliminate 3 by squaring both equations (2.2) and (2.3) and summing them:

a®(sin? B + cos® B) = x2+y2+p*(sin® 0 + cos® 0;)+d*(sin® a + cos® ) —2pw, cos §; —2 d . cos
D e \ - v - ~

=1 =1 =1

+2pdcosa cosby —2py. sinf; —2dy,. sina+ 2 pd sin« sin 6y

Lastly we can reconstruct the equation as:

0= —a2+p2+d2+x§+yg—2pxe costh —2py. sinf;+2pd sina sinfy +2 pd cosa cos b,
—2d(x, cosa+y. sina) (2.4)

Finally, Eqn. (2.4)) is our objective function.

2.3 Polynomial Approximation

Objective polynomial is a specifically arranged version of objective function. Main form
we're using are;

Pofot+ Pifi+ Pofo+ Psfs + Pyufs+ Psfs — F =0 (2.5)



... where

—a’+p*+d?
PP =1
0 2d ) fO
1 22 4 g2
P o= = _ e e
1 da fl 92
Py = p cos, fo=cosa
P; = psinéby, f3 =sina
0
P4:_pccc)is 1, f4=$e
sin @
P5=—p 7 L J5 = Ye

F=x, cosa+ gy, sina

Note that P; terms only contains construction parameters while f; terms only contains vari-
ables.

2.4 Non-linear Terms in Polynomial Approximation

Even though we have 6 polynomial constants, we are only allowed to determine 4 precision
points since we have only 4 construction parameters. So we have dependent coefficients (or
nonlinear parameters) of;

P4 - —P1P2

Ps=—PP; (2.6)
We're going to address P, and Ps as A\; and A, respectively and construct nonlinear equations

as:

ofore=1,2,...,5.
Now we substitute these parameters into equation ({2.5));
(lo+mo A1 410 X2) fot+ (li+ma A +ny A2) fi+(lo+mo A +n2 Xo) fo+ (Is+mg A +n3 A9) fs
+)\1f4+/\2f5—F:0 (28)

Now we can separate the equation (2.8)) into its three components namely linear, first non-
linear and second nonlinear components;

bhfo+lhfitlafot+lsfs=1F
mo fo+mi fi+ma fo+msfs=—f4
no fo+mni fi+ne fot+nsfs=—1s



...and then start to construct respective matrices:

1 1 1 1 1
0 1 f2 3 lO F
2 2 2 2 2
0 1 f2 f3 ll . F
3 3 3 3 - 3
o fi f5 fi| |k F
4 4 4 4 4
0 1 f2 3 l3 F
—~ ——
A L F
1 1
mo —Ja o —Js
mi — 2 nq — 2
S I | ;
ms —Ja ng —Js
N——
M f4 N f5

Where superscript indicates the value of the parameter at the respective precision point.
Now we can calculate values of L, M and N by substituting precision points and calculating
below equations;

72 2 o
I

ﬁ>>‘>

&

Since we now know matrices L, M and N; we can find A\; and Ay by solving substituting

equations ([2.7) into equations (2.6));
>\1 - —(ll + ma )\1 + n1 )\2) (lg + mo )\1 + N9 )\2)
Ao = —(li 4+ m1 A+ 11 o) (I3 + m3 Ay + 13 As) (2.9)

...so we’ll obtain results;

)\1 - {)\117 >\127 )\13}
)\2 == {)\217 )\227 )\23} (210)

...since we had third degree polynomial in above equations.

Now we can solve for Py, P;, P, and P3 with solutions from Eqns. (2.10). Two of these,
reasonable, solutions will give us enough information to find construction parameters of the
desired four-bar mechanism that can be seen in Fig. 2.1}



3 Calculations

PP | z. (cm) | ye (cm) | «

29.96 2.673 | -9.1°
32.20 7410 |-6.9°
33.60 10.14 | -3.1°
33.46 13.59 | 2.4°

=W DN

Table 1: Precision Points used in the synthesis

We substituted precision points indicated into Table [I| in matrices A, F, f; and f5 and
calculated vectors L, M and N by method we’ve discussed earlier.

lo 69.3173 mq —39.5363 no 43.2785
L | 00344 my| | —0.0367 ni| | —0.0014
L| = |—57.6962 my| | 29.4086 ny| | —54.5544
ls —2.2400 ms 15.1446 ns —35.1047

(3.1)
Now we can use results of L, M and N in (3.1)) on Eqn. (2.9) to find the three pairs of
answers on the form of ([2.10)).

A = {11.1469, 0.50908, 0.21908}
Ao = {4.41488, —0.19867, —0.79306} (3.2)

Finally we can substitute both of the results (3.2)) and (3.1)) into Eqn. (2.7) to obtain the
values of Py, P;, P, and P (Since we have three A pairs, we will get three different possible
result for each construction parameters).

—a? + p? + d? 1
Py= ——— = —180.3200 P =-=-0.3809
0 2d YT d
P, = p cost, = 29.2666 P; = psinf, = 11.5914

So construction parameters for given set of equations are;

No. | a (em) | d (em) | p (cm) | 64

1] 7.14 -2.63 31.48 | 21.61°
2| 3.14 62.64 | 34.23 | 158.68°
3| 1759 | 36.46 | 30.00 | 105.44°

Table 2: Construction Parameters of the Mechanism

As we can clearly see, construction parameters that Table[2lno. 1 suggested aren’t reasonable
since we can’t have negative link lengths. However this isn’t a problem at all since we only

needed two set of logical construction parameters to construct four-bar mechanism that can
be seen in the Figure 2.1]



4 Results of Polynomial Synthesis

4.1 General Mechanism

—
65°L1

Figure 4.1: Mechanism constructed by construction parameters from Table .

Mechanism generated brought a wonderful new perspective about how individual can realise
this motion. At the start of this project, the ground links of the result were expected to be
closer to a four-bar mechanism like in Figure 2.1 but the mechanism generated uses one of
the links to supply the circular motion of frying operation, other link supports the movement
by swinging the mechanism like a cradle. This result not seems like important but it is so
novel and so simple that, you cannot do much but enjoy.

10



4.2 Performance at Precision Points

x e=29.96cm

Figure 4.2: Mechanism at first precision Point

_a=-69

ye=741cm

x e=3220cm

Figure 4.3: Mechanism at second precision Point

11



a=-3.1°

y_e=10.14cm

e=33.60cm

Figure 4.4: Mechanism at third precision Point

Q=24

y_e=13.59cm

/

e=3346cm

Figure 4.5: Mechanism at fourth precision Point

Figure 4.6: A very simple prototype of our results.

12




5 Final Design

5.1 Scaling the Mechanism

3D printing were used to manufacture the mechanism. As you can see from Table [2] con-
struction parameters of our mechanism weren’t suitable for 3D printing. The 3D printer had

220x220x250 printing space in so compromises had to be made.

Firstly the pan changed with a new smaller one. The previous pan that you can see in
Fig. had 28 cm diameter. New smaller pan has 18 cm diameter. For this reason every
construction parameter scaled by 18/28 multiplier. Unfortunately even this scaling weren’t
enough for limited printing space the 3D printer so the parameters changed until it fits into

our limitations. Final construction parameters are:

% D
>= ——p
5 .
6 k.
L e —
G2X
G1X
Figure 5.1: Final Construction Parameters
A (em) | B (cm) | C (em) | D (em) | Glx (em) | Gly (em) | G2x (cm) | G2y (cm)
3.00 | 12.81 | 11.00 | 20.00 15.76 8.00 3.53 16.00

Table 3: Construction Parameters of the Mechanism that is indicated in Fig.

13




Now the new mechanism look like below figure in SolidWorks:

Figure 5.2: Designed mechanism.
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6 Kinematic Analysis

6.1 Identifying the tasks

The main task for kinematic analysis is to find the acceleration of crucial points so that it
can be used to find find forces acting on the body via Newton’s Equations. This allows the
required minimum torque for our crank to support the motion desired to be found.

6.2 Obtaining Outputs in Terms of Inputs

Theta_4

Figure 6.1: We logged 65 and 6, for given 6,

Kinematic analysis of the mechanism includes finding #3 and 6, in terms of 6, so that
only independent variable of the position equations could be only the input angle. Numeric
approach determined to be used to gather the position, velocity and acceleration data for
the mechanism. All 65 and 6, values for given 0y values were logged for every 2 degrees in
SolidWorks Software. Finally we had 180 values each for 63 and 6, values for given 180 6,
values.

The data were logged every 2 degrees. Since period T needed to be found for our numerical
derivation progress, the angular velocity that rotating the crank had to be determined. Most
likely 60rpm DC motor going to be utilized, so calculations came out as following;

win] = Oln + 171_ 6[n] aln] = wn + 1}—w[n]

...where



6.3 Position Analysis

80.00
120.81 200.00

Figure 6.2: Positions of centers of masses of the 3 links (Units are millimeters).

We want to find position vectors of points a, F, and ¢ which is center of mass of Iy, I3,
and [3 respectively. So given vectors are constructed for these purposes:

A=02+0)
a =0.015-cosfy2+ 0.015-sinfy
B =0.03-cosfy2+ 0.03 - sinfy )
C =0.12081 - cos 32 + 0.12081 - sinf3 3 + B
c =0.055-cosfs2+ 0.055-sinfy 3+ D
E = 0.20081 - cosf32 4+ 0.20081 - sinf3 3 + B

6.4 Velocity Analysis

We want to find the velocity vectors for a, E, and ¢, so we're going to differentiate the
position vectors in order to obtain velocity vectors:

@ = —0.015 - sin by 653 + 0.015 - cos 66 3
¢ =—0.055-sin6,60,%+ 0.055 - cos 04643
E = (—0.06 sin 6, 6, — 0.32162 sin 65 65) 2 + (0.06 cos By 6 4 0.32162 cos fs 65)

16



6.5 Acceleration Analysis

Finally we want to obtain the acceleration vectors for a, F, and ¢, so we're going to differ-
entiate the velocity vectors in order to obtain velocity vectors:

+(0.015 cos (65 (1)) é%E-QQ(t)-(xo15 sin (6 (1)) (é% 92(t)) ¥
&= (—0.055 sin (64 (1)) é%g 0, (1) — 0.055 cos (04 (t)) (é% 94(t)> )i
+ (0,055 cos (6 (1) 25 0a (£) = 0.055 sin (0 (1)) (é% 04(t)) )]

E = (—0.06 cos (65 (t)) 02—0.32162 cos (03 (t)) 01—0.06 sin (0 (t)) 04—0.32162 sin (05 (t)) 03) 2
+(0.06 cos (02 (t)) 04—0.32162 sin (05 (t)) 01—0.06 sin (62 (t)) 0240.32162 cos (05 (1)) 03) )

... where
9 2
o1 = (5 05 (1))
2
o2 = (5 02 (1))
03 = 3722 03 (t)

o1 = 25 05 (1)

6.6 Results

180 position values were differentiated numerically two times and logged. As one can see
from Fig. and Fig. the a(angular acceleration) data were to noisy. To fix this, a
discrete low-pass filter were applied to angular acceleration data and those values are used
for further calculations. Raw data can be inspected below:

17
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Figure 6.3: Results of kinematic analysis
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Figure 6.5: Low-pass filtered version of ay.
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7 Dynamic Force Analysis

7.1 Identifying Task

Accelerations of crucial points were found in Kinematic Analysis section. Now with this
knowledge, force equations can be constructed. Chosen critical points and their properties
can be seen in figure [ Moment of inertia values are calculated in the section

Properties ly I3 ly
Mass center(mm) 15.00 | 200.81 | 55.00
Mass (grams) 30 1500 80
Moment of inertia (kg-m) | 25.8e-6 | 6.1e-3 | 0.4e-3

Table 4: Properties.

7.2 Finding Moments of Inertia

All of the links were assumed to be rectangles and following formulas were used for finding
the moment of inertia with respect to gravitational centers of the respective links.

1
L=—m-(h+w 1
e =15M (h* 4+ w*) (7.1)

... where

m = Mass [kg]

h = Planar height of the rectangle [m]
w = Planar width of the rectangle [m]

Then Parallel Azis Theorem can be used to find the moment of inertia with respect to

center of rotation.
I=I1+m-d (7.2)

... where

I = Moment of inertia of the body [kg - m?]

I. = Moment of inertia about the center [kg - m?]
d = Distance between the two axes [m]

20



7.2.1 Crank Link

Sizes of the crank link are 75x45 mm. So respective values become;

Properties | Value
m (kg) 0.030

b (m) | 0.075
w (m) 0.045
d(m) | 0.015

Table 5: Crank variables.

... moment of inertia of one crank link becomes 25.88 x 107% kg - m2. Since the mechanism
has 2 cranks in each side, result can be multiplied by 2 and use that value instead.

7.2.2 Coupler Link (Pan)

166 mm \ 10mm

50mm

® 180mm

Figure 7.1: Coupler parameters visualised.

The values that is going to be used for the calculations can be seen in Fig. [7.1] These
values substituted into equations and . Value of 6.1 x 1073 kg - m? is obtained.

21



7.2.3 Rocker Link

Sizes of the rocker link are 155x45 mm. So respective values become;

Properties | Value
m (kg) 0.080

L (m) | 0.15
w (m) 0.045
d(m) | 0.055

Table 6: Rocker variables.

... moment of inertia of one crank link becomes 0.404 x 1073 kg - m?. Since the mechanism
has 2 rockers in each side, result can be multiplied by 2 and use that value instead.

7.3 Free Body Diagrams

Free body diagrams of each link in the mechanism will construct appropriate relations, and
supply the required equations in order to find the unknowns. Mechanism can be inspected

at Fig. [6.2]

7.3.1 Crank Link

F32y

F32x

M12 F12y

F12x

m.g

Figure 7.2: FBD of crank link.

This link yields these equations:
Filog+ Fsop =mo Ay« (7.3)

22



—ma g+ Fioy + Fiopy = mo A,y (7.4)

0.015 (—cosby @ — sinby 3) x (Fioz 2+ Fiay )
+ 0.015 (00502 7+ sin02 j) X (F327x’2 + F327y j) + Mlg = IQ Qo (75)
Or equivalently:

—0.015 F127y 00802+0.015 F12,x szn92+0015 F327y 008(92—0.015 F327$ Sin02+M12 = 12 (65) (76)

7.3.2 Coupler Link

F32x

F43y

F32y F43x

m.g

Figure 7.3: FBD of coupler link.
This link yields these equations:
— Fy0+ Fuiz o = m3 Ag, » (7.7)

—m3g— Fyoy 4+ Fazy = m3 Ag, (7.8)

0.08 (—00593’2 — sin93 j) X (F437x 2 + F43,y j)
+ 0.20081 (—60803’2 — sin93 j) X (—F327$’;, — Fgg,y j) = 13 Qg (79)
Or equivalently:

—0.08 F437y 00893 +0.08 F43,a; sm03 +0.20081 F327y 00803 —0.20081 Fgg,a; sm93 = ]3 (0% (710)

23



7.3.3 Rocker Link

Fl4y

F14x

F43x

F43y

Figure 7.4: FBD of rocker link.

This link yields these equations:
—Fi3p+ Flay =miAc, o
—my g — Fizy+ Flay =myAg,y
0.055 (—costy @ — sinby j) X (Flazt + Flay )
+ 0.055 (00894’2 + sin€4 3) X (—F437z'i — F437y j) = I4 Oy

Or equivalently:

(7.11)

(7.12)

(7.13)

— 0.055 F147y 60894 + 0.055 F147$ sin04 — 0.055 F437y 00894 + 0.055 F43,z sin04 == I4 Y (714)

24



8 C(Calculations

Since relatively high number of instances will be calculated (180 values), a coefficient matrix
can be derived instead of using classical solve commands to speed up the calculating pro-
cess. From 9 equations we derived from free body diagrams, we can derive following equation:

1 0 1 0 0 0 0 0 0 Flo,
0 1 0 1 0 0 0 0 0 Fiay,
03 —04 —03 o4 0 0 0 0 1 Fio.4
0 0 —1 0 1 0 0 0 O Fso,
0 0 0 —1 0 1 0 0 0 Fis.
0 0 RO Mol 2 2l o0 0 || Fa,
0 0 0 0 -1 0 1 0 0 Fla,
0 0 0 0 0 —1 0O 1 0 F14,y
0 0 0 0 09 01 09 01 0 M12
mgy AGZ,y
Mo Aga,y + M2 g
I ap
mg3 AGS,y
= ms AG?,,y + ms g (81)
[3 (6%}
mo AG4,y
My Agay +ma g
I4 Oy

where

o1 = —0.055 cos (0,)
o9 = 0.055 sin (6,)
o3 = 0.055 sin (65)
o4 = 0.055 cos (6,)

With Eqn. (8), values for each of the variable can be found.

Let’s revise what the variables were representing. Fio, and Fia, is components of bearing
response at crank link, namely A joint in Fig. . F39 , and Fjy,, is components of bearing
response at joint B on coupler link. Fi3, and Fj3, is components of bearing response at
joint C on coupler link. Fiy, and Fi4, is components of bearing response at joint D on
rocker link, And last but certainly not the least, the M5 is the minimum torque we need to
supply to rotate the mechanism at 60 RPM. With this knowledge the results can be analysed
better.

25



Reaction Force in Newton

Since the mechanism had 2 bearings that forms joint A in our design, max value can be
divided with two to find required minimum bearing radial strength. Which is approximately

Reaction Force F.12

k WAL
V ‘\"\”qum\“

(R Pnl,“'v i lh

150 200 250
02 in Degres

50 100

Figure 8.1: Magnitude of Fis.

10 divided by 2 equals to 5.

9.5

w
T

N @
] )
.

Reaction Force in Newton
()] [#)]
3 S T ) w

b
)

Since the mechanism had
10 divided by 2 equals to

be equal.

@
T

-4
T

Reaction Force Fj;

150 200 250 300
g2 in Degres

50 100

o

Figure 8.2: Magnitude of Fjs.

2 bearings that forms joint B in our design, max value can be
divided with two to find required minimum bearing radial strength. Which is approximately
5 Newton. Note that F5 and F3y seems very close to each other.
This is because they construct the couple force that builds M5 so it’s reasonable them to
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Figure 8.3: Magnitude of Fjs.

Since the mechanism had 2 bearings that forms joint C in our design, max value can be
divided with two to find required minimum bearing radial strength. Which is approximately
22 divided by 2 equals to 11 Newton.
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Figure 8.4: Magnitude of Fi4.

Since the mechanism had 2 bearings that forms joint D in our design, max value can be
divided with two to find required minimum bearing radial strength. Which is approximately
22 divided by 2 equals to 11 Newton. Note that Fj3 and Fi3 seems very close to each other.
This is because they construct the two force element of link 4 so it’s reasonable them to be
equal again.
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Figure 8.5: Magnitude of M,.

Finally the most important value. As one can see from the figure 0.2 N.m torque
minimum can supply this movement. This actually approximately equals to 20 N.cm torque
which most of the hobby servos can supply.
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9 Manufacturing

9.1 Printing the Parts

The first thing we did during the production phase was to make the designed parts removable
from the 3D printer. The parts were optimized considering the asymmetries in the parts and
the printing technique of the printer. The fill rate of the parts was adjusted to be 50 percent,
and after a few trials and errors, the first piece designed as a panhandle was produced with
a few minor errors after 10 hours of printing. Those minor errors were later fixed manually.

Figure 9.1: Modified panhandle

The second part that was pressed was the rocker of the mechanism, and this link is the
main arm that carries the pan. Since this mechanism was designed symmetrically, we had
to print two of some parts. This piece was one of the pieces that we had to print two. The
printing process took 8 hours per piece.
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Figure 9.2: Rocker of the mechanism.

After the long pieces were produced, the first piece printed was the short arm of the
mechanism. In the symmetrical version of this part, they were not completely symmetrical
as there was a shaft hole of the motor, or to crank mechanism. After an entire printing
process of 6 hours, these two pieces were in our hands.

Figure 9.3: Crank links of the mechanism.

30



In order for the printed parts to be joined to each other, we first had to put bearings in
their bearing holes. Except for the first printed part, the bearings of the other parts were put
into place without much trouble. When placing the bearing on the first part, the bearings
did not fit properly due to an error that we thought was caused by the manual processing
of the part. During the installation of the bearings, our first part cracked and considerably
reduced the part’s durability. We solved this problem by partially melting part of the piece
and pouring glue into the cracks.

Figure 9.4: Ground structure of the mechanism.
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Figure 9.5: Working prototype of the mechanism.
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10 Discussions and Conclusion

One DoF frying pan shaker mechanism were constructed for automating shaking process in
this study. Essential feature of this mechanism is it’s degrees of freedom. Since mechanism
is one DoF, we can control all the process by on single DC motor. This just don’t eliminate
the need of control but also reduces overall electrical cost.

Pan shaking motion were captured by filming the motion and analysed the motion by
Tracker software. Body guidance synthesis procedure were fed with 4 precision points which
we gathered from tracker software. Then this results are adjusted so that cost of manufac-
turing can be reduced and fit the printing space we had in our hand. In summary, a new
handle for the pan, 4 links and 2 ground are designed and produced to realise this mecha-
nism.

Since DC motors were a little bit exceed our budget, a crank lever is designed and pro-
duced to rotate the crank link. This lever then link then connected to the crank of the
mechanism and motion is supplied with human power.

Main problem that is encountered when designing the mechanism was long printing pro-
cesses. The problems couldn’t be anticipated become very hard to fix since we couldn’t just
print a better version all over again. So some of the links were modified with heated skewer.

Bearings were really tight fits so the bearing slots had to be sanded a little bit to avoid
cracking.

Lastly the mechanism had to fixed to the ground via a heavy block in order to avoid
shaking but heavy blocks aren’t cheap and since we exceed our budged already we just used
a relatively heavy wood piece.
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