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As the Global Warming destroys gradually the life on the earth, vehicles driven by clean energy are
of importance. Therefore, in this paper, mechanisms for bicycle drivetrain are scrutinized starting from its
initial invention to attract attentions of the people in the field of mechanism. Some recent health problems
caused by design of modern bicycles are highlighted. Optional several mechanisms such as crank rocker,
double crank, double rocker, slider crank, and inverted slider crank for the drivetrain of bicycle are
evaluated. Each of them was assessed in the perspective of applicability by using shelf-ready products. A
double-rocker mechanism is schematically designed by using GeoGebra. An analysis for the geometric
constraints of the design and torque are presented. Finally, the double rocker was concluded to design a
pedal drivetrain. An optimization was carried out by using Microsoft Excel. The optimal dimensions were
delivered. The maximum torque 90 Nm. The maximum energy can be produced is 600W.

Keywords: Four-bar linkage mechanism, innovative pedal design, double-rocker mechanism, bicycle
drivetrain, pedaling.
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Thobanowvik sceinviny JKepoeai omipoi 6ipminoen Jicotibln Hcamxanoa, maza IHepeUsMeH JCYpemin
Konikmepoiy manvizvl 30p. COHOBIKMAH OCbl MAKALAOA 6E10CUNE) Jicemeinily Mexanusmoepi OHblH
bacmankbl oHepmadbICLIHAH OACMAN MEXAHUKA CAlacblHOagbl a0amoapobly HA3apblH ayoapy Yulin
MYKUsim 3epmmeieet. 3amanayu eenocunedmepoiy Ou3atHblHa OAUIAHLICIbL KellOip COHEbl OeHCAVIbIK,
npobnemanapel aman emineen. Benocuned owcemezine apnanzan kpusowunmi-mepbenme, Koc Kpugo-
wun, Koc mepoeime, KPUBOWUNNI-CHIPELIMATbL JCIHE UHBEPIMMEN2EH KPUBOWUNTNI-COIPELIMATbL CUAKNbL
Oipnewe mexanuzmoep 6bazananovl. Onapovly apKacvlcel 0atibli OHIMOepOi Natldanlany MmypeblCblHaH
Konoanyza oonamvinvl 6azananovl. Koc mepbeime mexanusmi GeoGebra bazoapnamacvin natdaniana
OMbIPLIN, CXEMANBIK MYpoe HcaAcaneat. JJu3auHHbly 2eOMempUanbly wexkmeynepi MeH MOMeHmine mar-
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oday ycvinviizan. ConpiHOa Koc mepoeime nedais dcemein xcobanay yuwin mayoandel. Microsoft Excel
baz0apnamaceli natoaiaHa omelpbln OBMAIAHObIPY HCypeizindi. Oymaiinsl enuemoep anbikmanowl. Ey
yaxen atinany momenmi 90 Hu. Ouodipinemin ey kon snepeust 600 Bm.

Tyitin co30ep: senocuned nedanb MexaHusmi, Mopm MAaAKWA MEeXaHU3Mi, UHHOBAYUATLIK Neddlb
QU3QIHBL, KOC MASMHUK MEXAHU3MI, 8eLOCUNE] JicemeK Jicyiiect, nedanb atHanobipy.
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Ilo mepe moeo, Kax 2nobanvHoe nomenjenue NOCMENeHHo paspywaem Jcusnb Ha 3emie, mpanc-
nopmmwvle cpeocmea, pabomaiowue Ha YUCMOU dHepeuu, npuodbpemarom ocoboe 3navenue. [loomomy
O0aHHOI cmambve MexaHu3Mbl NPUBOOd 6el10CUNEeOd MUAMENbHO UCCTeOVIOMCA, HAYUHAS ¢ e20 NepeoHa-
4AIbHOCO U306pEemeHnsl, YModbl NPUELeYb GHUMAHUe T100ell 8 00aacmu Mexanuxku. Bviderenvt nexomopuie
cospemenHvie npobiembl cO 300POBbEM, BbI36AHHbBIE KOHCTNPYKYUEL COBPEMEHHbIX enocunedos. Oyene-
Hbl PA3IUYHbIE MEXAHUIMbL, MAKUE KAK KPUBOUUNHO-UUAMYHHBII, 080UHOU KPUSOWUN, OBOUHOU WUAMYH,
KPUBOUWUNHO-NONZYHHBI U UHBEPMUPOBAHHBII KPUSOUUNHO-NOA3YHHbII 011 npusoda eenocunea. Kaoic-
Oblll U3 HUX ObLT OYEHEH ¢ MOUKU 3PEHUs. NPUMEHUMOCIU ¢ UCNOTb30BAHUEM 20MOBHIX K UCNOIb3064-
Huto npodykmos. Mexanusm 0801iHO20 wamyHa Obll cXeMamuyecku cnpoeKmuposan ¢ UCHOIb308aHUEM
GeoGebra. [lpeocmasnen ananus 2eoMempudeckux 02paHuieHutl KOHCMpYKYuy u Kpymsue2o MOMeHma.
Haxoney, mexanuzm 060iiH020 wiamyna OblL1 6610pan 01 NPOEKMUPOBAHUSL NEOAIbHO20 npueodda. Onmu-
Muzayusi Oviia nposedena ¢ ucnoavzoganuem Microsoft Excel. Bvliu onpedenenvl onmumanshvle pasme-
pol. Maxcumanvroii kpymsawuil momenm cocmaensiem 90 Hu. Maxcumanoras npouseooumas sHepeusi
cocmasasiem 600 Bm.

Knioueswie cnosa: mexanusm nedanu 6enocuneoa, MEXanusMul Yemvlpex cmepoiCHell, UHHOBAYUOHHbLL
OU3aUH NeOanu, MeXaHusm 080UHO20 MASIMHUKA, CUCEMA NPUBOOd 8elOCUNedd, KpyueHue neodu.

Introduction. The quality of succulent feed for animal husbandry is determined by
the availability of full the first invented vehicles in the history for transportation was the
wheelbarrow and the chariot which were used to carry foods or soldiers during ancient
Egypt [1]. The chariot was used to be driven by horses. However, the wheelbarrow was
driven by manpower. Therefore, the first manpowered vehicle was the wheelbarrow. But the
first manpowered and man-carrying vehicle is the hand-cranked wheelchairs for dis-abled
people in seventeenth century [2]. Afterwards, in Japan, a scholar namely Kuheiji-Tokimitu
Hisaishi had written about a boat-like vehicle with three wheels in 1730 [3]. Amidst the
Napoleonic Wars in 1812, both Europe and New England faced a series of poor harvests,
with Germany particularly affected by grain shortages due to wartime plundering. Karl von
Drais sought approval from the Grand Duke of Baden to patent a four-wheeled human-
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powered wagon[4]. Subsequently, the eruption of Mount Tambora in 1815 caused a shortage
of food in Europe [5]. Several horses died. Thus, the aids from other countries could not be
carried to the locations where people were in need. Karl Drais in Germany invented the first
man-powered four-wheel vehicle to transport foods or people. However, the pedal design
was not good enough.

After a few years, Drais produced Laufmaschine which had only two wheels contrary to
the Fahrmaschine to create an ability to go through narrow ways like paths in the forest [6].
The ice skating was the main inspiration for the innovation of the Fahrmaschine[7]. Because
of balance problem in two wheeled Laufmaschine, a pe-dal mechanism was not included
in the new design. However, the steering mechanism made use of the caster affect which
is still used in present modern designs. Drais created a range of designs with two, three,
four wheels in progressing years. Although Drais’s patent applications to various countries
in Europe were declined, the idea of two-wheeled man-powered machine soon spread to
the whole western world [8]. Moreover, new vehicles were invented such as roller-skate
[9].After spread to Europe, the Laufmaschine was called as velocipede. Furthermore, the
velocipedes were im-proved by adding a drive mechanism.

The drive mechanism of velocipedes consisted of hand-driven, foot-driven or
both[10]. Before the mechanism driven velocipede, there were a crank-driven front-
axel velocipedes [11]. This type of designs is still in use for bikes in kindergartens.
However, the design is difficult to balance when it is two-wheeled. Moreover, having
cranked-front-axel fixes the rotation ratio as one. Therefore, achieving an efficient
design requires front wheel with a very big diameter. Treadle-driven two-wheeler was
introduced by Kirkpatric Macmillan in 1839[13]. This design was the first bicycle with
a pedal mechanism made of four-bar mechanism namely crank-rocker. However, it was
failed about the motion of bicycle to downhill. Because the crank assembled to the rear
wheel turned into a driving element of the mechanism during the motion to downhill.
Subsequently, a wired tension wheel and tangential lever bar were invented by Eugene
Meyer[4]. They were not feasible in application in terms of speed. So soon enough they
were faded away. Pierre and Ernest Michaux introduced a front-axel cranked bicycle
namely high-wheeler French velocipede in 1863[13]. This was almost the same design
with Lallement’s design in 1866. They suffered from motion trans-mission ratio. The
gear system was introduced in Britain in 1870[12]. This system was so heavy that
prevented to speed up.

As the time pass, people contributed various improvements to the bicycle technology.
James Starley and William Hillman had introduced the Ariel machine : an elegant all metal
high-wheeler with wire-spoke wheels[ 14]. The genuine part of their design was not only the
drive mechanism but also the wire-spoke wheels with large diameters without high inertia.
Queen Victoria was so attracted to their design that she ordered two of them. The design
was later regarded as a female bicycle and named as Starly’s Royal Salvo Tricycle in 1873.
Starley incorporated with Smith Machine Company in Jersey to renovate a high-wheeler
design which was safer and two-wheel in 1881[14]. Although the design was better than
old versions, it could not attract the trend. By the end of 1889, Starley proposed the idea of
differential gear[13]. Dursley Pedersen created the design of the bicycle commonly used
nowadays in 1890 [15]. This was the last innovation on the mechanism design of the bicycle
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driving system. After the chain mechanism was contributed, the drive mechanism was not
innovated.

It is very interesting that although the invention of the wheel was 4th millennium
BC, as humankind started to use it for transportation of himself independently in 18th
century AC. That shows despite many inventions on bicycle pedal mechanism, there may
be opportunities for new inventions. All bicycle designs in the literature include seat or
saddle. The saddle was used to relax the muscles in the legs. Therefore, it helped to save
energy as much as five times of the energy consumed during walking per kilometer[13].
However, the friction and the pressure between legs and the saddle were realized to be
causing disorders[16]. Moreover, settings of saddle have significant place in riding bicycle.
Otherwise, there may be disorders in the knees[17]. The damage in the knee is caused by
the force applied by the muscles in the leg. However, the same disorder would not occur,
if it were the climbing upstairs [18,20]. Because, when it is the climbing upstairs, the
motion is counterpart of the propulsion phase of pedaling and it has the lowest force
applied on knee joints [20]. However, when it is the pedaling, the load is dependent to the
gear system which can increase and decrease the radius of torque. Addition to that is the
angle of the knee is dangerously adjusted in public, when the pedal is in the position of
propulsion[19].

In this paper, an analysis of four-bar mechanisms for pedal mechanisms of bicycle is
presented . The reasons of design revision of traditional bicycle are explained in detail.
The geometric constraints are determined. The chain drive systems are regard-ed as
vulnerable in traditional bicycles. This vulnerability may cause high friction and energy
lose[21]. Moreover, the motion during climbing upstairs was taken as reference to pedaling
mechanism. Therefore, beside the force produced by muscles, the body weight will be
applied to the chain drive system which can easily be deformed under the high torque
compared to traditional bicycles[22]. The torque is calculated, and analysis are presented.
Finally, a conclusion is given for this study.

Research methodology and results. One of the most efficient exercise motions for
muscles on Lumbar erector spinae is the stair-climbing [27]. However, the best effect of
stair-climbing on an adult can be obtained, if double stairs are climbed at once [28]. This
exercise is named as stair lunge. A standard stair has a height of 20 cm. Therefore, two
stairs can cause a right angle between the tibia and the femur in a young average person.
This position is a limit of safe motion of knee joint for a healthy user. Therefore, the
same limitation will be valid for the mechanism of bicycle pedal. The motion of the pedal
mechanism will be like the motion of the stair-climbing. Thus, the pedal will trace a circular
arc as a trajectory. This is an accepted trajectory for comfortable motion of foot climbing
stairs [29]. After one stroke of the pedal, the leg must be vertical. Consequently, the range of
the motion for the pedal mechanism can be derived from the trajectory limitations of the leg
climbing stairs as shown in Figure 1. The most important criteria of the motion of climbing
stairs are angles during the transition between steps; 01, 62, 83 which must be higher than a
right angle to protect health of the knee. The overall height of the double step in standard is
40 cm. However, this height can be different for every individual. Thus, the user will adjust
his/her step height accordingly.
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Figure 1 — The motion of climbing stairs( stair lunges)

Four-bar linkage mechanisms are rigid systems that have input and output of the
motion. The motion could be transformed from rotational to translational or wise versa.
The linkages can also provide a motion consisted of rotation and translation. Therefore,
they were considered for the pedal mechanism in this paper. There are several options in
the inversion of four-bar mechanisms such as crank-rocker, double crank, double rocker,
slider-crank, and inverted slider-crank. The inverted slider-crank mechanism has joints with
flat surfaces. Therefore, the design may wear out earlier than the joints with cylindrical
contact surface or produced expensively due to protective coating processes [25]. Thus, the
mechanisms with sliders were omitted. The double-crank mechanism provides a complete
rotation for both cranks in the linkage. The cranks will require high wheeled design to
prevent pedal crashing to the ground. Therefore, it is hard to design a pedal mechanism from
this type of system. A pedal mechanism is expected to rotate the rear wheel one complete
rotation to sustain the translation of the chassis. This is the most efficient way of driving
the system. How-ever, if one complete rotation could not be provided, then there must be a
ratchet as used in the rear hub of traditional designs.

If a crank-rocker mechanism is used to drive the rear wheels of a bicycle, the rear wheels
can complete one cycle. On one hand, if the crank is placed between the rear wheels, the
propulsion of the rear wheels must be separate, or the pedal can be so close to the ground
that becomes risky when it is in the lowest position. This can cause a balance problem on the
vehicle due to the individual actuation of the wheels or crashing to any bulge on a road. On
the other hand, if the crank is not placed between the rear wheels, then the user will have a
distance between his/her legs. Thus, the effective force applied to the pedal will be decreased
due to the direction of the legs. The direction of the legs must be vertical from the back view
as shown in Figure 2. Moreover, this type of motion can cause disorders in knees.
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Figure 2 — Back view of the motion of climbing stairs.

Double- rocker mechanisms provide an oscillatory motion as an output from an-other
oscillatory motion as an input. In other words, when the rider drives the pedal, both the pedal
and the output link will create an oscillatory motion. Thus, the linkage can be assembled
between the rear wheels on the axel. Therefore, both pedal’s mechanisms can drive the same
axel. Moreover, the distance between the legs can be kept short enough to apply a vertical
force on the pedal. Furthermore, both the double-rocker mechanisms can return the initial
driving position without blocking the motion of rear wheels by using the ratchet mechanism
used in traditional bicycles.

Figure 3 — The schematic mechanism for pedal drivetrain.
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One of the most important issues is the balance of the rider despite of the three wheels
of the bicycle. The pedaling process can be carried out by the force of weight and muscles
as mentioned earlier. Thus, the weight will be on the right side of the bicycle for driving one
of the pedals and subsequently will be on the other side of the bicycle for driving the pedal
on the left. This motion can be synchronously directed reverse by the help of a bevel gear
set. Yet this will cause a balance problem. The only way to balance this dynamic weight is
imitation of the motion of climbing stairs. Therefore, there must be not only a short distance
between the legs, but also a wide flat fricative surface underneath the foot or shoes. This
surface must be parallel to the line between the hubs all along the pedaling process and
move along a trajectory in the form of circular arc as shown in Fig. 3. The elements of the
pedal double-rocker mechanism are aa2, aa3, aa4 which form the drivetrain in the place
of chains in the right side of the bicycle, and a2a, a3a, a4a which form the drivetrain in
the place of chains in the left side of the bicycle. The closed kinematic loops consisted of
aa4’, aa3’, aa2 and a4a’, a3a’, a2a are parallel mechanisms which is in the place of pedal of
traditional bicycles helping user’s foot to move on a circler trajectory just like in climbing
stairs by the help of the link aa3’ and the link a3a’.

The user must put the foot on a higher and forward pedal for each drive cycle of the
pedal just like in the motion of climbing stairs. As the body weight is loaded on the higher
and forward pedal, the rear wheels can be driven forward by the help of the link aa4 or
ada rotating clockwise. The link aa4 and a4a are connected to the ratchet on the rear axle.
Therefore, the mechanisms on both sides of the bicycle can rotate reverse directions.
Moreover, this feature provides an uninterrupted drive for the rear axle. The fork connected
to the steering wheel in front of the bicycle is shown in Figure 3. The fork is designed as an
inclined position to allow steering wheel to turn right and left direction during the pedaling
process(see the link of animation and 1, 2).

The pedal mechanism is driven by not only muscles of the leg but also by the body
weight in the new concept. Therefore, the torque on the rear axle is important. The highest
torque is expected to be obtained on the extreme position of the mechanism as shown in
Fig. 4. In this analysis, only one of the pedal mechanisms is considered. The body weight
is accepted as 800 Newton. The half of the total weight was ideally applied on the joint
B’. The other half of the total weight is applied on the joint A’ which is helpful to find the
magnitude of the load on the link aa’3. The link aa2 and aa’3 carry a tension load, as the
link aa3 carries compression load. Thus, the static equilibrium equations on the joint B’ can
help to find the loads on aa2 and aa3. The angle p is the transmission angle which is shown
in the extreme point in Fig. 4. The extreme pedal height is 36 cm which is the same height
of double steps of the standard stair.

The mechanism is optimized by using Microsoft Excel [30]. The torque as objective
function is formulated by the help of static force analysis of the mechanism. The constraints
are derived from the geometric limitation as shown in Fig. 3-4. The total length of bicycle
is limited to 180 cm. The results are given in the table 1. The change of the angles P,
p and torque T compared to the angle ¢ are given in the Fig.5. According to Fig.5, the
maximum torque is about 90 Nm which means 600W energy can be produced with only 60
rpm speed.
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Figure 4 — The extreme position of the pedal mechanism.

Table 1 — The results of optimization

Links aal aa2 aa3 aa4

Lengths (cm) 128.4 20 137.5 50

Figure 5 — The graphical illustration of changes in the values of ¥ and T compared to ©.
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An evaluation of mechanism design for pedal drivetrain was presented. The pedal
design was concluded in the favor of double-rocker mechanism due to the design simplicity.
A CAD model was designed. The CAD model was designed as a hybrid bicycle which can
be pedaled or driven by an electrical motor in the front hub. This model shows a saddle
which cannot be used during pedaling. The saddle is for resting when the electrical motor
is activated. The geometrical constraints and difficulties of manufacturing were the main
obstacles in elimination of crank-rocker mechanism. However, a design made of crank-
rocker must have bigger height to exceed the geo-metric constraints. Therefore, rear wheels
can have bigger diameters than standard wheels as it was designed in the past. Yet this paper
targeted to design a new bicycle model by using mostly shelf-ready products. Although the
study includes the very beginning research on the topic, a realistic evaluation is presented to
attract attentions of researchers on the field of mechanism. So that, new designs in favor of
user can be launched in the market.

The future of research in the topic will be on the multibody dynamics of the de-sign.
Moreover, due to the bicycle pedaled upright, the aecrodynamic efficiency must be researched.
Furthermore, if the bicycle can be used to produce electricity , how much energy can be
produced as the user commute in a city such as from home to job? What are the critical
parameters to increase energy production from the bicycle? Can the design help to increase
the distance of travel by only charging once in a day? What could be the effect of the new
design on the user’s health in long run? What muscles can be improved by the help of the
new design? What are the harms of the new design in long run?
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