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Abstract - The design of experimental set up gives a
direction towards planning of experimentation. This
paper presents design of experimentation for
formulation of an experimental data based model for
sliver cutting from bamboo using human powered
flywheel motor (HPFM) which describes the
phenomenon under investigation more reliably,
accurately and precisely. It is the integral part of
engineering research and implementation of design of
experiments (DoE) by systematically executing
experimental plans and conducting actual test run. In
this paper, the various steps of design of
experimentation like dimensional analysis,
identification of variables in human powered bamboo
sliver cutting phenomenon, reduction of variables and
the formation of mathematical models’ equations are
presented in detail. The evolution of bamboo sliver
cutting using human power is a complex phenomenon.
There are many factors affecting the performance of
bamboo sliver cutting. In this paper the attempt is
made to present the adopted design of experimentation
in detail and to generate design data in the form of
evolving experimental data based models for various
dependant/ response variables of human powered
bamboo sliver cutting by carrying out experimentation.
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Variable, Independent Variable, Dimensional Analysis,
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1. INTRODUCTION

Design of Experimentation (DOE) is planning process in a
research study to meet specific objectives. The proper
planning of an experiment is very much important
consideration in order to achieve the research objectives
clearly and efficiently with the right type of data and
appropriate sample size.

Adoption of basic laws of mechanics could be applied for
correlation of various dependant and independent
parameters of human powered bamboo sliver cutting in
theoretical approach. A theoretical approach can be
adopted in a case if known logic can be applied correlating
the various dependent and independent parameters of the
system. Though qualitatively, the relationship between
dependant and independent variables could be known
based on available literature data, the generalized
guantitative relationship may not be known sometimes
due to complexity of phenomenon.

The kinematics of transmission of rotational motion from
the input shaft to output shaft in bamboo sliver cutting
unit for the human powered flywheel motor is a complex
phenomenon. Hence the formulation of quantitative
relation based on logic is not possible in case of such a
complex phenomenon. On account of no possibility of
formulation of theoretical model i.e. logic based model,
only alternative is left to formulate experimental data
based model. This reasons cause to adopt an experimental
approach to establish the experimental data based model.
Hence it is proposed to formulate such model in this
investigation. [1-5]

2. OPERATION OF BAMBOO SLIVER CUTTING BY
HPFM

The operator drives the bicycle by pedalling the
mechanism while clutch is in disengage position. The
human power operated flywheel motor is energy source.
This energy source energizes the process unit i.e. bamboo
sliver cutting unit through clutch and transmission. The
flywheel is accelerated and energized which stores some
energy inside it. When the pedalling is stopped, clutch is
engaged and stored energy in the flywheel is transferred
to the process unit input shaft by means of clutch.

The process unit is sliver cutting unit which comprises of
feeder, two pairs of spring loaded rollers, sliver cutter,
adjusting knobs etc. When the energy from flywheel is
transferred to the sliver cutting unit by engaging the
clutch, the split bamboo is fed through feeder. It enters the
first pair of push-in rollers, then comes out of push-out
roller pair and strikes the sliver cutter which is kept fixed
and the sliver is cut. The sliver cutting immediately
commences upon the clutch engagement it continues for 5
to 20 seconds until the flywheel comes to rest.
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There is a provision of operating the system at the speeds
by properly choosing the gear ratio of a torque
amplification provided on the sliver cutting unit shaft. The
figure 1 shows the schematic diagram of bamboo sliver
cutting unit driven by human powered flywheel motor
(HPEM). The figures 2 and 3 show the CAD Model of Actual
Experimental Set Up and Actual Experimental Set Up
respectively.

13 1 10

15 14

16

Fig - 1 Schematic arrangement of bamboo sliver cutting

unit by HPFM
1 - Chain Sprocket, 2 - Chain, 3 - Pedal, 4 & 5 - Bearing for bicycle, 6 -
Gear |, 7 - Bearing Flywheel Shaft, 8 - Gear - 11,
9 - Flywheel, 10 - Clutch, 11 - Bearing for flywheel shaft, 12 - Bearing for
Process Unit Shaft, 13 - Gear - Ill, 14 - Gear - |V, 15 - Bearing for Process
Unit Shaft, 16 - Process Unit

3. DESIGN OF EXPERIMENT
Design of experiment involves following steps:

e Based on the known qualitative physical
characteristics of the phenomenon, identifying the
independent and dependant variables which affect the
phenomenon and establishing the dimensional equations
for human powered bamboo sliver cutting is of prime
importance. The experimentation becomes time
consuming, tedious and costly if system involves large
number of independent variables. So with the help of
dimensional analysis one can reduce the number of
variables and hence these reduced number of dimensional
equations are the targeted form of mathematical models.

e Test planning consists of deciding test envelope,

test sequence and plan of experimentation for the set of
deduced dimensional equations.
It is necessary to evolve the physical design of
experimental set up in setting up the test points, adjusting
the test sequence, execution of proposed experimental
plan, noting down the responses and provision for
necessary instrumentation for deducing the relation of
dependent pi terms of the dimensional equation in terms
of independent pi terms. Experimental set up is designed
in such a way that it can accommodate the ranges of
independent and dependant variables within the proposed
test envelope of experimental plan. After noting down the
responses and obtained dimensional relations of
dependant pi terms of dimensional equations, the exact
mathematical model can be formed within the specified
test envelope. [6-10]

4. DIMENSIONAL ANALYSIS

Dimensional analysis is an extremely useful mathematical
technique used in reduction of variables by forming non-
dimensional groups of the variables which are called as pi
(m ) terms. Deducing the dimensional equation for a
phenomenon reduces humber of independent variables pi
terms in the experiment. The exact mathematical form of
this dimensional equation is the targeted model. Thus this
method of dimensional analysis provides a systematic
experimental planning and permits the presentation of
results in more useful and concise format.[1]

4.1 Identification of Variables

Depending upon the working operation of the bamboo
sliver cutting phenomenon by HPFM, the various
dependent or response variables, independent variables
and extraneous variables affecting the phenomenon are
identified and the data purification is carried out to
remove the extraneous variables to avoid their unwanted
effect on the phenomenon. Table 1 shows various
dependent and independent variables involved in the
phenomenon with their symbols, units, dimensions,
nomenclature and nature.
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Table -1: Various dependant and independent variables
with symbols, units, dimensions, nomenclature and nature
SN Variables Unit MLT Nature

(Dependant/
Independent)

Dependant

1 | tp= Second T
Processing
Time

2 n = No. of --
Slivers

3 Tr=
Resistive
Torque

4 | E=Flywheel
Energy

5 | wf =Angular | Rad/se T1
speed of c
flywheel

6 | tr=Time
required to
speed up the
flywheel

7 G =Gear --
Ratio

8 |g=
Acceleration
due to
Gravity

9 | Lb=Length of mm L
Bamboo split
10 | Wh=Width of mm L
Bamboo split
11 | = mm L
Thickness of
Bamboo split
12 | Cu= mm L
Horizontal
Center
Distance
between
Roller Pairs
13 | Cv=Vertical mm L
center
distance
between
roller pairs
14 | Lr.=Distance mm L
between
Roller Center
to Cutter Tip
15 | Eb=Modulus
of Elasticity
of Bamboo
16 | Ec=Modulus
of Elasticity
of Cutter

17 | &c=_Cutting
Angle of
Cutter

MOLOTO | Dependant

N-mm | ML2T-2 Dependant

N-mm | ML2T-2 | Independent

Independent

Second T Independent

MOLOTO | Independent

mm/s2 LT-2 Independent

Independent

Independent

Independent

Independent

Independent

Independent

N/mmz2 | ML-1T-2 | Independent

N/mm2 | ML-1T-2 | Independent

Degree - Independent

It is seen from table 1 that there are total seventeen
variables which affects the phenomenon of bamboo sliver

cutting by human powered flywheel motor (HPFM). The
fundamental physical dimensions to express all these
seventeen variables are only three i.e. Mass (M), Length
(L) and Time (T). Out of these total seventeen variables
the first three variables are the dependant/ response
variables and the later fourteen variables are independent
variables.

4.2 Formation of Pi (II) Terms (Application of
Buckingham’s I1- Theorem)

The Buckingham’s I1- Theorem method is used to form the
pi (m) terms for all dependant/response and independent
variables affecting the phenomenon of human powered
bamboo sliver cutting.

4.2.1 Formation of pi (m) terms for independent
variables:

The process of dimensional analysis is followed step
by step as explained below:

The processing time, tpis function of Flywheel Energy
(Ef), Angular speed of flywheel (wf), Time required to
speed up the flywheel (tr), Gear Ratio (G), Acceleration due
to Gravity (g), Length of Bamboo split (L), Width of
Bamboo split (Wp), Thickness of Bamboo split (ty),
Horizontal Center Distance between Roller Pairs (Ch),
Vertical center distance between roller pairs (Cy), Distance
between Roller Center to Cutter Tip (L), Modulus of
Elasticity of Bamboo (E,), Modulus of Elasticity of Cutter
(Ec), and Cutting Angle of Cutter (®¢) .
tp =f (Ef wr, 1 G, g, Lo Wpth, Ch, Cv, Lrc, Eb, Ec, ®c)

Or, f1 (tp Es w1, 1 G, g, Lo Wty Ch,Cv, Lrc, Eb, Ec, @) =0

g, Lv , Epare considered as the repeating variables (i.e. m =
3)

Total no. of independent variables =n =14
No.of[Tterms=n-m=14-3=11

p1 =f1 (14, Ty, 3, 114, IT5, I, 7, g Ig, 10, I111) =0

First Il term:

M1=(9)?1(Lb)P1(En)“ s,

(M)P(L)2(T)0= (LT2)21(L)P1 (MLAT2)e4(ML2T2)

The values of ai, b1 and ci1 are computed by equating the
powers of M, L & T on both sides as given below :

For ‘M’ | For ‘L’ For ‘T’
M->0 = | L=20=a1+b1-c1#2 | T> 0=-2a; - 2¢4
ci1+l (From eq. of T, | -2
c1=-1 | subst.a;=0) 0=-2a; - 2(-1)-2,
0=0+ by - (-1)+2, | Hencea;1 =0
Hence by =-3 Subst. in eq of L
to get value of by

Substituting the values of a;, b1 and ¢ in the eq. of I1; term,
we have:
M1= (9)°(Lb)3 (En)Er,
Ef

™ 2E,
Second II term:
M2= (g)%2(Lb)P2(Ep)c20t,
(M)P(L)(T)%= (LT2)e(L)2 (MLAT 2T
The values of ay, bz and ¢z are computed by equating the
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powers of M, L & T on both sides as given below :

(From eq. of T,
subst. a; =-1/2)
0=-1/2+ b, - 0,

Hence b, =1/2

For ‘M’ | For ‘I’ For ‘T’
M->0 = | L>0=ax+b,-c> T>0=-2a,-2c,
C2 0 =ax+ b,-0 -1

0=-2a-0-1
Hence ap =-1/2

Subst. in eq of L
to get value of by

In the similar way, the dimensional analysis for dependent
variables is performed by applying again Buckingham’s II-
Theorem.

Mb1=(9)?p1(Lb)? 01 (En)¢patp

(M)O(L)°(T)0= (LT-2)2p1 (L)P o1 (MLAT-2)¢pe(T)

The values of a p1, b p1and ¢ piare computed by equating
the powers of M, L & T on both sides as given below :

Substituting the values of az, bz and ¢z in the eq. of [T term,
we have:
M2=(9)*/2 (Lo)*2 (Ep)°wr

L,

']'Fz = t-..lf |_

In the similar way the all remaining pi (m) terms for
independent variables are calculated by dimensional
analysis and are listed in the following table 2. The table 2
shows total eleven pi terms for independent variables:

Table -2: Pi terms for independent variables

pi terms pi terms equations
Ey
i ™=,
L,
'Tu‘:: T'!.'z = Mf |_
)
Ty My = t_f |L_
N
Ty my = G
Wy
Ty g = E
[
Ty T = L_E:
Cy
Ty my = L_h
Cy
Ty g = L,
Ly
Tu‘.-'g 'il"!-'g = L_h
'El‘.'
T T = E_i:
g wyy =P,

4.2.2 Formation of pi (m) terms for dependent

variables:

For ‘M’ | For ‘I’ For ‘T’

M->0 = | L=>0 =ap1+ bpi- | T 0 = - 2ap; -

Co1 Cp1 2cp1t+l
0=1/2+bp;-0 0 = - 2a p1+0 +1,

(From eq. of T,
subst. ap1 = 0)

Hence ap1 =1/2
Subst. in eq of L

Hence bp; =-1/2 | to get value of

bo1
Mp1=(9)?b1(Lb)° b1 (Ep)°p1tp
o1 = (9)12 (Lb)12(Eb)°tp
g
Tpy = tp lL_
o Lp

In the similar way the all remaining pi (m) terms for
dependent variables are calculated by dimensional
analysis and are listed in the following table 3. The table 3
shows total three pi terms for dependent variables:

Table -3: Pi terms for dependent variables

pi terms pi terms equations
P
Rpy Tpy = i |I._-
_.\J ()
Tpg Tpz =N
Ti’
Tpg Tpz = I.iEa.

4.3 Reduction of Variables

To reduce the coplexity and to obtain the simplicity in
the behaviour of the phenomenon, the pi terms of
independent variables are reduced by reduction of
variables method as suggested by Schenk Jr. The pi terms
related to the independent variables like width of bamboo
split(Wy), thickness of bamboo split (t,), Horizontal Centre
Distance between Roller Pairs (Cu), vertical Centre
Distance between Roller Pairs (Cy), and Distance between
Roller Centre to Cutter Tip (L) are reduced to form a
single new pi term. The following table 4 shows the new pi
terms of independent variables in reduced form. Thus the
total eleven pi terms of independent variables are reduced
to seven new pi terms as shown table 4.
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Table -3: New Pi terms in reduced form for independent
variables

pi pi terms equations Description
terms
E:
Ty T, = — The term related to
LpEy energy of flywheel
l'L_E, The term related to
2 T2 = angular speed of
N flywheel
E The term related to time
3 Ty =k | required to speed up the
()
v flywheel
T, T, =G The term related to gear
ratio
Wty Co G L
s Ty = (W) Machine’s geometrical
L parameters
E,
g T =— The term related to
Ey elasticity of materials
T, T, =g, The term related to
cutting angle of cutter

4.4 Dimensional Equation for Response Variables

For Processing Time (tp):

The dependent variable/response variable, processing
time (t,) can be expressed in terms of all the fourteen
independent variables as shown below:

tp =f1 (Ef wr, tr, G, g, Lo, Wpt b, Ch,Cv, Lrc, Eb, Ec, Pc)

or

f1 (tp| Ef wr, tr G, g, Lo, Wp, to, Ch,Cv, Lrc, Eb, Ec, q)c)

or

M1 = f1(ITy, M2, I3, T4, IIs, s, 7, Is, o, 10, IM11)

(;_;] (mf ﬂl%] (zf _\E) @ () ()
() () () (2) o
. (6B Dome

Tp=fi

te =1 1

) (5) (&) (=) (5) @
e, L=

A

(;E;‘_] (e ﬂf;i] (zfﬂlg] ©
(LL’EfEi-%Cp':q:] {:_:) ':(F';j

Similarly for number of slivers (n) and resistive torque
(Ty), the dimensional equations are found as follows:

() (w2 (5 )@
& :
(Letpeetzs) (%)
T, =

() (o B 5 [E) @
(lpbri.i-%cpl”] {:_:) ':(F';j

The equations (1), (2) and (3) are the mathematical
equations for three response variables (viz. processing
time t,, number of slivers n and resistive torque T,) of
bamboo sliver cutting phenomenon operated by human
powered flywheel motor (HPFM) which are used for
formation of mathematical models of these variables for
sliver cutting phenomenon.

5. TEST POINTS, TEST ENVELOPE & TEST
SEQUENCE

Test Envelope: Deciding the end points or limits
comprises the test envelope and it is obvious and best way
to select or fix the test points. All such test points are
covered in the test envelope. So it is obvious to ascertain
the complete range over which the entire experimentation
is carried out.

Test Points: The spacing of the test points within the test
envelop is selected not for getting a ‘symmetrical’ or a
‘pleasing’ curve but to have every part of our experimental
curve map the same precision as every other part. The
conceptual proper spacing of test points is replaced by
permissible spacing of test points.

Test Sequence: In classical or sequential plan, the
variables are varied from one extremity to the other in a
sequential manner, in the random plan those are varied in
random fashion. The classical plan or sequential plan is
essentially opted for irreversible experiments or where
there is no scope for randomization. The majority of
engineering experiments use partial randomized plan and
hence it is used for testing the phenorﬁenon. [1,12-16]

The table 5 shows test envelope, test points for Sliver
cutting operation by HPFM.
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Table -5: Test envelope, test points for bamboo sliver
cutting operation by HPFM

Pi Terms Equation Test Envelop Test Point

T
7

| o 1.91E-10, 3.4E-10, .74E-10,
WiE, f 5.31E-10, 6.64E-10, .65E-10,
8.85E-10, 1.04E-09, .49E-09

1.60984E-06, 1.62235E-06,
1.63075E-06, 1.9043E-06,
1.95441E-06, 1.97219E-06,

2.05464E-06, 2.14206E-06,
2.16877E-06, 2.23084E-06,
2.24054E-06, 2.29146E-06,

2.36825E-06, 2.37051E-06,
2.39088E-06, 2.42935E-06,
2.43323E-06, 2.45554E-06,

2.45894E-06, 2.51034E-06,
2.54025E-06, 2.67054E-06,
2.91949E-06, 4.84965E-06,

5.17478E-06, 5.79372E-06,
6.22017E-06, 8.15712E-06,
8.42159E-06, 8.47849E-06,

8.48689E-06, 8.61363E-06,
8.66342E-06, 8.75557E-06,

M= Elasticity |"-'5_= § 103t010.3 103
of Materials Ep
I7=Cutting [ 0.261667 to 0.261667
Angle 0.261667

1.91E-10to
M1=Energy of
Flywheel 1.57E-09, 46E-09,3.54E-09
Y 3.54E-09
I :;__5"] 6.780952 6.780952, 7.829969, 8.754172,
we I— 1 9.04127,10.43996, 11.30159,
- / 13.04995, 13.5619,
I2= Angular to
Speed of 1459029, 15.65994,
Flywheel 1750834
17.50834
f ?I 71.73723 71.7372254, 80.20465626,
tr |— | 89.67153175,100.2558203,
AEELY to 107.6058381, 115.7654497,
120.3069844, 125.5401445,
. 138.9185396, 140.3581484,
5= Time 277.8371 1434744508, 160.4093125,
required to 161.4087572, 162.0716296,
speed up the 179.3430635, 180.4604766,
flywheel 185.2247195, 197.2773699,
2005116406, 208.3778095,
2152116762, 2205628047,
2315308994, 233.1459826,
240.6139688, 254.6839893,
260.6651328, 277.8370793
[1s=Cear Ratio | G 025t005 0.25,0.33,0.50

|"W|,_fh Celyl.. | 32E-07 3.19713E-07, 3.20794E-07,

| = | 3.27331E-07, 3.29694E-07,
& 0 3.38367E-07, 3.43773E-07,
3.62025E-07, 3.75852E-07,

8.76E-06

3.77109E-07, 3.89679E-07,
3.93576E-07, 4.02391E-07,

4.02652E-07, 4.07844E-07,
4.10483E-07, 4.27642E-07,
4.65478E-07,4.70733E-07,

4.79683E-07, 4.82121E-07,
4.83077E-07, 4.85893E-07,
4.89437E-07, 4.90242E-07,

Ils=Machines 4.917E-07, 4.97331E-07,
geometrical 5.05917E-07, 5.27425E-07,
Paramers 5.49912E-07, 5.75998E-07,

6.10907E-07, 6.35497E-07,
6.37914E-07, 6.579E-07,
6.61736E-07, 6.84983E-07,

6.95494E-07, 7.16401E-07,
1.22181E-06, 1.22531E-06,
1.22565E-06, 1.24153E-06,

1.26371E-06, 1.27291E-06,
1.29263E-06, 1.29374E-06,
1.31196E-06, 1.34649E-06,

1.3977E-06, 1.49944E-06,
1.50542E-06, 1.536E-06,
1.5762E-06, 1.60336E-06,

The table 6 shows the sample observations for bamboo
sliver cutting operation by human powered flywheel
motor (HPFM)

Table -6: Experimental Plan and observations for Bamboo
Sliver Cutting Operation by HPFM

i q Length | Length Width - :
Range Gear of of of Thickness Ilp:e of )
s, . Speed of flywheel to Processing
N of Ratio | bamboe | bamboo i bamboa N n
N . . ) . bambaoo speed up Time (t;)
Bamboo | (G) split split split split (ty) (@9 ’

(D) (Lo)ft | (Ly)mm (W)
1 30-40 0.3 13 4375 300 287 3.3 314 40 3
2 30-40 03 13 4573 400 203 53 41.86666667 50 4
3 30-40 05 15 4575 500 280 52 52.33333333 50 5
4 30-40 0.5 15 437.5 600 20.1 34 62.8 63 6
5 30-40 05 2 610 300 241 6.9 314 40 2
6 30-40 0.5 2 610 400 243 6.5 41.86666667 35 3
7 30-40 0.5 )] 610 300 251 6.6 5233333333 60 4
8 30-40 05 2 610 600 2438 72 62.8 60 5

6. CONCLUSIONS

Though the bamboo sliver cutting by HPFM is complex
phenomenon due to effect of various independent
parameters over dependent parameters, due to the
method of experimentation adopted in this work it made
possible to achieve generalized quantitative relationship
between the variables affecting the phenomenon.

Due to the method of DoE applied in this process, it
became easier for proper planning of an experiment in
order to achieve the research objectives clearly and
efficiently with the right type of data and appropriate
sample size.

As there is no possibility of formulation of theoretical
model i.e. logic based model, only alternative is left to
formulate experimental data based model. Adoption of an
experimental approach to establish the experimental data
based model in this investigation made it possible.
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Through the formation of test points and test envelopes, it
made possible to ascertain the complete range over which
the entire experimentation is to be carried out and spacing
the independent variables in a predetermined manner and
most effectively helped to constitute efficient and compact
experimental plan.
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