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S
ince global energy consumption rises, there seems to be a pressing need to create innovative technologies
for saving energy and power production, especially those with lower ecological effects. There is indeed
a current must to discover an alternate for renewable sources of energy to be used at any time from

any location as well as being accessible to the entire public. Human energy is indeed a kind of alternative
energy which has been employed to varying degrees throughout history. In this regard, this research consists
of the design and construction of a pedal-driven bamboo slivering (sliver making) machine powered by
a human-powered flywheel motor (HPFM). This article evaluates the overall impacts of several process
factors upon the outputs of the human-powered bamboo slivering (sliver cutting) phenomenon, such as
torque -resistive, sliver numbers and processing time. The 108 sets of experiments were carried out based
on which experimental based models were formulated by using designed experiments and the influence of
several independent (input)factors on response (output factors) variables were investigated in cutting the
slivers of bamboo using an approach of response surface methodology.

Keywords: Bamboo sliver, HPFM, response surface methodology, energy, dependant variable, independent
variable.

1 Introduction
The power of human and its energy was disregarded during periods of increasing utilization of fossil
fuels. However, because of extremely high costs of fossil fuels and the severe pollution of environment
caused by them, human power has resurfaced as a sustainable source of energy. There are serious power
shortfall issues as a result of increased industrialization, as well as due to constraints on non-availability of
electricity in the interior and further power generation challenges. In this sense, the energy sources are
human-powered systems, which are classified as non-conventional sources of energy. Bamboo compares
favorably to other materials of building such as timber, concrete and steel in terms of energy needs during
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construction, simplicity of usage and safety, stiffness per unit area of material and strength. Bamboo’s
adaptability is partly owing to its anatomical structure, which adds to its mechanical qualities. Bamboo is
the best to use everywhere due to its simplicity in production [1]. Aside from numerous of conventional
methods and kinds where bamboo is largely employed for residential construction of buildings and houses,
a number of commercially made items and components are used in construction of building [2]. Slivers of
Bamboo are continually used for bamboo mats weaving, which have a broad range of uses such as wall
paneling, handicrafts, furniture, wall papers, and so on, demonstrating the vast usage of slivers of bamboo
in the industries and business manufacturing [3]. There is a significant influence of human activities on
workings of Earth system such as growth in population, development of economy, and rising demands of
energy. This enhances the need of dependable and reliable supply of energy that is robust to internal and
external challenges which can conform unforeseen shocks in future. It is vital to emphasize that energy
transformation should viewed as a means for dealing with grand energy challenges rather than global
challenge [4]. In the current scenario, there is immediate requirement to identify alternative forms of power
generation. The technologies of renewable or alternative energy are already acknowledged to have the
potential to considerably cover the power demand resulting in reduction of emissions. To contribute to
the sustainable development and prevent global catastrophe, it requires a speedy and worldwide shift to
technology of renewable or alternative energy sources [5]. According to the reports and study, the renewable
or alternative sources of energy may increase its proportion of total primary supply of energy from fifteen
percent (in 2015) to sixty-three percent (in 2050). This probable growth of renewables along with increased
energy efficiency may generate ninety-four percent of the reduction in emissions. While actual numbers
may differ, the current scenario assessments agree that energy efficiency and alternative energy are more
important to achieve the climate goals [6].

Alternative or renewable energies having lower environmental impacts can be considered to be only the
possible solution for sustainability challenge which is been fought since long back. The global adoption
of renewable energy remains restricted despite of growing knowledge of its numerous benefits. For the
long term period, the traditional methods of power generation with exhaustible fuels like gas, oil and coal
is usually seen as unreliable due to growing knowledge of environmental impacts [7]. Papadis, E. and
Tsatsaronis, G. [8] in their paper examine the historical evolution of worldwide decarbonization facts and
evaluated that technology pertaining to every sector. They assess the technological solutions whether
feasible and sustainable for future trends of energy field and presented the analysis of issues in the view
of economical, technical, societal and ecological challenges. The current state of affairs in the energy
sector’s decarbonization is far away from adequacy. Recent advances in atmospheric changes and rising
emissions of carbon dioxide globally demonstrate that there is an urgent need to boost the efforts greatly
for decarbonization of the energy issues [8]. Keeping view towards the severe challenges of energy crisis
and its generation, many researchers have worked and are working on these issues to find out the solution.
Modak J. P. and his colleagues [9 to 12] have constructed human powered machinery capable of energizing
the process units requiring 3-7 HP which can be operated intermittently. The HPFM driven machines were
designed and developed for wood turning [10], chaff cutter [11] and electricity generation [12] etc. which
motivated the author to design and fabricate the human powered bamboo slicing machine. Sakhale, C. N.
et al [13] had designed and developed the comprehensive bamboo processing machine run by an electric
motor which comprises of four operations namely, (a) Bamboo cross cutting, (b) Bamboo Splitting, (c)
Sliver cutting operation and (iv) Stick making. This machine is operated by means of electric motor which
is again pointing towards the limitations on availability of electric power.

Therefore, with respect to a context of human powered operated systems as few of the forms of non-
traditional energy, the bamboo slivering machine run by HPFM was designed, constructed and experiments
were performed by identifying various process parameters (e.g. independent and dependent parameters)
applying the design of experiments and experimentation theory [14]. The whole world is experiencing
power and energy shortages as a result of lack of power in the interior and rural region. This is also due to
various limitations on generation of additional power and energy. Thus, since this is the human operated
machine and doesn’t require electricity to run, this human powered machine is the best option in such
energy crisis situation because the human energy is easily and globally available in ample quantity in every
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corner of the world. Human energy is proven to be the form of energy which does not have any severe
impacts on climate, environment and atmosphere etc. The unskilled, semiskilled operator can operate this
machine easily; hence it is very useful for the people facing the problems of power shortages which add to
the enhancement of bamboo technology for low profiled people from the point of view of human powered
mechanization.

2 Experimental Machine Set Up

The experimental machine set up consists of three major units viz. HPFM unit is bicycle driven unit
which is energy unit with a flywheel and gear pair for speed raising, Unit of transmitting mechanical power
comprising of gear pair for amplification of torque and clutch, and processing unit (used to cut the bamboo
sliver) which consists of sliver cutter, feeder, adjusting knobs and two pairs of spring loaded rollers etc.
These three units assemble the experimental set up of human powered bamboo slivering machine as shown
in figure 1. The unit of HPFM, unit of transmitting mechanical power and processing unit (bamboo sliver
cutting unit) are shown in figures 2, 3 and 4 respectively.

Figure 1: Human powered bamboo slivering machine.

Figure 2: HPFM Unit.
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Figure 3: Mechanical power transmission unit.

Figure 4: Different views of bamboo sliver cutting unit.

2.1 Working Details of Experimental Set Up

When pedals of the bicycle driven unit are operated by operator, the energy is stored in the flywheel. Power
of maximum cycling has an impact due to fatigue, rate of pedaling, composition of fiber and size of muscle.
Rolling and aerodynamic friction restrict cycling speed, and any mismatch in applied vs necessary power
leads to the variations in energy of the system[15]. When the flywheel stores sufficient required energy
after pedaling, the flywheel energy is transmitted by engagement of clutch to the bamboo slivering unit via
mechanical power transmission unit which commences the unit of bamboo sliver cutting to run. The feeder
of slivering unit is fed with split bamboo which passes through the first pair of the push-in rollers and it
further goes through the second pair of push-out rollers. Split bamboo strikes the cutter when it leaves
push-out rollers which commence the cutting of sliver. The cutter is placed exactly in front of second pair
of rollers. The sliver cutting action takes place instantly after the engagement of clutch and continues for
the duration of about 5 to 20 seconds until flywheel stops rotating. The effect of increasing bicycle mass is
insignificant with the most widely used gear ratios more than 1.5 [16]. The machine may be operated at
various speeds by selecting the appropriate torque amplification gear ratio supplied on the slivering unit
shaft. The CAD model of experimental machine set up is shown in figure 5 and that of different views of
slivering unit is shown in figure 6.

The phenomena have been observed to be complicated owing to fluctuation in the dependent pi terms
which fluctuates because of continual change in the angular or rotational speed of the bamboo slivering
machine shaft. The variance in bamboo slivering machine shaft is decreasing rapidly. It is concerning with
the resistance of operational process and inertial resistances, rely on linearly varying load torque due to
fluctuations in human power or energy, bamboo material quality and non linear or varying cross sectional
area of bamboo.
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Figure 5: CAD Model of Experimental set up (different views).

Figure 6: CAD Model of Slivering Unit (different views).

In the existing manual slivering machines, the manufacturers were capable of making the bamboo slivers
of 1.0 to 1.5 feet long, but this HPFM driven machine can effectively manufacture the bamboo slices of
1.5 to 2.5 feet in length. The majority of the available manually operated slivering machineries are hand
operated, but the present HPFM driven machine is powered by bicycle where the leg muscles are used
which are marked superior to the arm muscles keeping view towards the power and energy requirements,
and approaching output in the less operating time. Previously in all HPFM driven machines, most of
the researchers have worked upon only the average torque of their operation. In the present research,
the models are constructed for resistive torque (average) as well as resistive torque (total) in the bamboo
slivering phenomena so that the influence of input factor upon the responses can be compared for both.

3 Experimental Design and Methodology
The methodology of theory of experimentation [14] was applied in this work. By applying the method of
dimensional analysis using the approach of design of experiments (DoE), mathematical models for various
dependent and independent process parameters were formulated after the proper determination of variables
in the phenomenon of bamboo sliver cutting. Experiment design includes benefits like increasing the result
attained, reducing variability, and bringing the result closer to the aim, as well as shortening the time
period and lowering the cost. Several independent and dependent factors in the phenomena of cutting the
slivers were identified which are shown in table 1, dimensional analysis was applied for the formation of
pi-terms of all factors or parameters and independent (input) factors’ pi-terms were reduced (refer table
2) to lessen the intricacy and achieve simplicity in the nature of the phenomena of cutting the slivers.
Test planning to determine the experimental plan, test envelope, test sequence and test points was also
performed. And after experimental design, experiment conduction and filtering or purifying experimental
records, the models were formulated, optimized and reliability was also determined.
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3.1 Experimental Procedure
Classical experimentation plan [14] was utilized to perform the experiment. The experiment was designed
and performed to accommodate the whole test envelope along with entire test points contained in the
vicinity of test envelope. All independent pi terms with the exception of one are kept fixed at their
predetermined fixed level values in experimental classical plan, and the aforementioned independent pi
terms within attention are changed throughout the largest feasible range as determined by the test envelope.

The experimental procedure comprises of the processing of split bamboo of different widths, of different
lengths (2.5, 2.0 and 1.5 in feet) having variety of diameters (50 to 60, 40 to 50 and 30 to 40 in mm).
The machining process of sliver making from bamboo was performed at four different speeds (600, 500,
400 and300 in rpm). The process was performed at different gear ratios as1/4, 1/3 and 1/2. As a result,
numerous bamboo varieties are employed during experiment to assess the machine’s real practicality and
feasibility. With the help of specifically built electronic kit (proper instrumentation) as shown in figure
7, flywheel speeding-up time, sliver numbers, torque (resistive) and processing time etc. are estimated
and noted. In this experiment, one hundred and eight total sets of readings were performed. Table 3
gives the sample observation and experiment plan. For independent parameters related to slivering unit,
the experimental observations are taken and some sample observations are presented in table 4. The
experimental observations for energy unit as well as for the response factors of slivering phenomena are
also taken and noted which are depicted in table 5.

Figure 7: Designed electronic instrumentation system and experimental reading generation.

3.2 Model Formulation
During experimentation the data of various dependent and independent variables are gathered. To formulate
the mathematical model, the interrelation between dependent pi terms and independent pi terms in the
sliver cutting phenomena is developed. Since the formulation of the model is performed pertaining to
the data produced through the experiments, it is also termed as generalized experimental model. The
models formulated for the dependent variables like time of processing (tp), sliver number (n), resistive
torque-average (Travg) and resistive torque-total (Trtotal) are given in equations 1, 2, 3 and 4 respectively.
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4 Response Surface Methodology (RSM) Approach
The response surface method’s benefit as a strong analytical methodology is that, as compared to the
conventional strategy, it provides a sharper visual depiction of focused connection [17]. RSM is a set of
statistical as well as mathematical approaches which can be used to model and analyze issues wherein an
interest response is influenced by numerous factors and the goal is to maximize this response. The RSM
equation is given as:
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Here response surface is the surface that is represented or notified by, η = f(x1, x2)

The type of connection between independent variables and the response is uncertain & unknown in the
majority of RSM applications. Hence, the RSM’s first step is to discover suitable and good approximate
solution to the real functional relation between collection of independent variables and YR. In most
cases, a polynomial of lower order in some area of independent or input parameters is often used. If
response modeling is done well by functional linearity of input or independent parameter, the function of
approximation results in the model of first order is:

If the system has a curve, the greater degree polynomials like the model of second order must be utilized
such as:

The fitted surface is then utilized to perform the analysis of response surface. Analyzing the fitted surface
is roughly comparable to analyze the actual data when the fitted surface is a good approximation of the
underlying or real function of response.

4.1 Design of the Response Surface
Design of experiment, construction of model of response surface, testing of adaptability of model, search
for optimum combination strategy and other procedures are included in the design of response surface.
The accompanying second model of response surface may be utilized to generate a response surface of
three-dimensions and contour line of two-dimensions, which intends to rapidly determine the correct values
of response for various elements [18]. A quadratic surface can be appropriately fitted with the help of the
RSM approach and aids in optimizing process variables with small number of tests/experiments while also
analyzing parameter interaction. RSM is a statistical strategy that employs quantifiable information from
relevant experiment to develop a model of regression and optimize an output or response parameter that
is impacted by numerous input or independent factors [19]. Response Surface Approach is a descriptive
statistics of experiments wherein the output is assumed to be fixed by one or more controllable parameters.
The basic purpose of response surface approach is to identify an optimal response by employing a succession
of experiment designs. This notion drives the need to carry out tests properly by selecting the correct
design and motivates the pursuit of operating circumstances with a variety of controllable elements that
result in an optimal response [20].
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According to the approach of dimensional analysis adopted in this work, the total seven numbers of π
terms were formed affecting the responses of the phenomena. Because these π terms are dimensionless,
they may be simply divided in to three classes. To create the response surface, these three classes are
transformed into 3-dimensions in space. Thus,

The X, Y (input) and Z (output) ranges are more flexible and variant. As a result, the scaling of
aforementioned factors X, Y (input) and Z (output) is depicted below by the use of principle of scaling:

5 Construction of Model by RSM
Models of RSM in conjunction with experiment design can be used as statistical and mathematical tools.
This technique not only performs well in the optimizing facts, but it has also been validated for the approach
of analysis and is useful for enrichment of product [21]. The numerical as well as experimental responses
can be approximated by the use of response surface approach. There is requirement of two stages such as
approximation function to be well defined and design & creation of the experimental plan. Therefore, it
was decided to develop RSM model and compare its performance with the mathematical model developed
in this investigation. The process variable values were established to evaluate their influence on the output
variables in a total of 108 tests of readings in the experiment. Response surface approach was used to
plan the design of experiments and carry out the studies of behavior of process variables. By the use of
“MATLAB R2009a”, the construction of response surface models and the selection of acceptable models
were carried out. For the output parameters, total resistive torque, sliver number, process time and average
resistive torque, regression equations of best fitting for the chosen model were produced [22]. For finding
out the influence of various process variables on the characteristics of output responses, the equations of
response surface are derived from the data of experiments and displayed in the figures 8 to 11. Sample
calculations for processing time of RSM models are given in table 6, whereas table 7 gives the concerned
calculations for number of slivers. The response surface calculations are also performed for torque-average
and torque-total and are presented in tables 8 and 9 respectively.

5.1 Model Construction for Processing Time
Equation of response surface or equation of polynomial of the response surface model of fifth order is
evaluated and developed for output variable, processing time and is given below:

Goodness of fit: summed Square of residuals or SSE: 1.123,
R square (R2): 0.5872,
R-square (adjusted): 0.4923,
RMSE- Root Mean Square Error: 0.1136
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Figure 8: RSM model and Contour, RSM and Residual plot for processing time.

5.2 Model Construction for Number of Slivers
Equation of response surface or equation of polynomial of the response surface model of fifth order is
evaluated and developed for output variable, sliver numbers and is given below:

Goodness of fit: summed Square of residuals or SSE: 1.188,
R square (R2): 0.6012,
R-square (adjusted): 0.5095,
RMSE- Root Mean Square Error: 0.1169

Figure 9: RSM model and Contour, RSM and Residual plot for number of slivers.

5.3 Model Construction for Resistive Torque (Average)
Equation of response surface or equation of polynomial of the response surface model of fifth order is
evaluated and developed for resistive torque-average and is given below:
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Goodness of fit: summed Square of residuals or SSE: 4.625,
R square (R2): 0.2288,
R-square (adjusted): 0.05148,
RMSE- Root Mean Square Error: 0.2306

Figure 10: RSM model and Contour, RSM and Residual plot for resistive torque (average).

5.4 Model Construction for Resistive Torque (Total)
Equation of response surface or equation of polynomial of the response surface model of fifth order is
evaluated and developed for resistive torque-total and is given below:

Goodness of fit: summed Square of residuals or SSE: 39.15,
R square (R2): 0.1634,
R-square (adjusted): 0.1511,
RMSE- Root Mean Square Error: 0.1697
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Figure 11: RSM model and Contour, RSM and Residual plot for resistive torque (average).
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6 Optimization of RSM Models
According to the objective function of the response variables in this human powered bamboo slicing process,
RSM models’ optimum values are noted from the plot of response surface model. For the maximization
objective function, highest part of the plot or graph is to be selected and accordingly the values for
optimization are chosen. For the minimization objective function, the lowest part of the graph is to be
selected and accordingly the values for optimization are chosen. The scaled values for process time, sliver
numbers, resistive torque-average and total resistive torque are shown in figures 8 to 11 respectively.

6.1 Analysis of the Models

It is of prime importance to study and note the behavior and impact of indices of the different pi terms of
independent factors on all pi terms of output factors. This influence was studied and is depicted below.
The indices and constants of pi terms of independent factors on output pi terms are given in Table 10.

The models for the dependent pi terms πD1, πD2, πD3 are given in equations 11, 12, 13 and 14 for process
time, sliver numbers, resistive average torque and resistive total torque respectively as under:

The equations 13 & 14 represent the models of resistive torque (average) and resistive torque (total) i.e.

ISSN: 1949-0569 online Vol. SP-2, pp. 23-41, 2022



Siddharth K. Undirwade
Influence of Operational Variables in Bicycle Driven Bamboo Slicing Phenomena by Methodology of Response
Surface Approach 38

πD3Avg. and πD3Total respectively. The primary conclusions of above models are described below which
appear to be justified from the analysis.

(i) In case of πD1 and πD2, the factors π1 (refers to flywheel energy) and π6 (refers to material elasticity)
having highest indices viz.0.2889 and 1.3087 respectively, are the most influencing terms in these
models. The positive values of these indices indicate that flywheel energy and material elasticity
have strong impact on πD1 and πD2 respectively. Whereas for πD3Avg. and πD3Total, the factor π7
(refers to cutter’s cutting angle) having highest indices viz.23.515 and 6.7265 respectively, are the
most influencing terms in these models. The positive value of these indices indicates that there is a
significant influence of cutter’s cutting angle on πD3Avg as well as πD3Total respectively.

(ii) The factors π5 (refers to machine’s geometrical factors) having lowest indices viz. 0.0371 and 0.0889
for πD1 and πD3Avg. respectively is the least influencing term in these models, hence there is a need
to improve machine’s geometrical factors for these models of πD1 and πD3Avg. Whereas for πD2 and
πD3Total, the factors π1 (refers to flywheel energy) and π3 (refers to speeding-up time of flywheel)
respectively are the terms which makes least influence in this model and the improvement is needed
for the same.

(iii) When there are negative indices then it indicates that there is a need of improving that particular
model. It shows that πD1 has inverse effects with π3, π4, π6 and π7, πD2 has inverse relationship
with π2, π3, π4, π5 and π7, πD3Avg. has also inverse effects with π2, π3 and π4, and πD3Total has
inverse impacts with π2, π4 and π6.

(iv) In case of πD1, the constant term is having the value less than one (i.e. 5.15Ö10−10), and therefore
it is not having effect of magnification in the calculated value from numerous term’s product of
this model; whereas for πD2, πD3Avg. and πD3Total, constant term had a value greater than one
(i.e. 174.1406, 1.08Ö1010 and 7.68Ö1010 respectively), hence those constants have a greater effect of
magnification in the calculated value from numerous term’s product of their respective models.

The influence of independent or input factors in terms of sensitivity on output factors is given in table
11. This table shows the sequence of influence in increasing order from left to right.
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It is notified that cutter’s cutting angle is the most influencing factor in case of output factors processing
time (πD1), sliver numbers (πD2) and resistive torque-avg (πD3avg). But for resistive torque-total ( πD3 total),
elastic modulus of materials is most impacting factor. Thus overall, the cutter’s cutting angle and elastic
modulus of materials are having more influence on all response factors. Furthermore, machine’s geometrical
parameter is the least influencing factor in case of processing time (πD1) and resistive torque-avg (πD3avg)
whereas speeding-up time of flywheel is having less impact on output factors like sliver numbers (πD2) and
resistive torque-total (πD3 total). Thus in general, machine’s geometrical parameter and speeding-up time
of flywheel are having lesser impacts on the response or output factors. The remaining input factors such as
flywheel energy, flywheel angular speed and gear ratio have moderate influence over the output variables.

7 Discussion and Conclusions

(i) The properties of machining such as torque (resistive) and time of processing for human powered or
pedal powered bamboo slivering process are established through theory of experiments.

(ii) Because data is acquired through real testing and actual experiments, the finding and related
concluding remarks of this work accurately indicate the level of engagement of many independent
factors

(iii) The analysis of the models in this research work gives the exact behaviour of the independent variables
with respect to the particular response variables in terms of level of influence, level of impact, level of
improvement if any etc. in case of human powered bamboo slivering machine. It also gives an idea
about the magnification effects of the constants in these models.

(iv) RSM models give the scaled values for resistive torque (total), resistive torque (average), process
time, and sliver numbers that are involved in the bamboo slivering machine run by pedal power.

(v) The comparative analysis of R-square value of RSM model with the formulated mathematical model
gives idea of accuracy of fitness of different factors involved in the human driven bamboo sliver
making phenomena. The numerical as well as experimental responses can be approximated by using
the response surface approach.

(vi) The developed response surface equations and the relatively plotted graphs gives the appropriate
investigation about the impact of different operational factors on numerous characteristics responses
like resistive average torque, process time, resistive total torque and sliver numbers which are
responsive in human driven bamboo slivering phenomena.
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