TECHNISCHE
UNIVERSITAT
WIEN WIEN

Vienna University of Technology

Diploma Thesis

Instrumentation of an Industry Tricycle for
Cycling with FES Activated Denervated
Muscles

Scientific work to obtain the academic degree Dipl.-Ing.
Under supervision by

Univ.Prof. Dipl.Ing. Dr.techn. Winfried Mayr
E325
Institute of Mechanics and Mechatronics
and
340
Center for Medical Physics and Biomedical Engineering

Submitted at the Vienna University of Technical
Faculty of Mechanical and Industrial Engineering

by
Thomas Egger

e0525730
ThaliastralRe 16/16, 1160-Vienna

Vienna, January 2015



Abstract/Zusammenfassung Il

Abstract/Zusammenfassung

In case of a spinal cord injury, leading to pargaeaffected people do suffer severe
limitations based on the loss of mobility. Thisddsads necessarily to further severe
secondary complications like cardio vascular disgagpe Il diabetes, massive muscle
atrophy in lower limps and a loss of bone minemigity. Electrical stimulation (ES) is
an uncomplicated to use possibility for minimizitigese secondary complications. A
further advantage of ES is that it is completebefiof possible negative side-effects
when applied properly. Therefore, functional elieelrstimulation cycling (FESC) is a
gladly used method in rehabilitation and the puesiffects are documented in many
studies. But the existence of a flaccid paralysian excluding criterion to take part in
studies concerning FESC. In near past, studies,pikject RISE, have shown that it is
possible to train and to partly recover denervaie$cles. Within the scope of project
RISE parameters were defined which are necessaloto functional electrical stimu-
lation (FES) of denervated muscles.

It was the aim of this study to adapt a recumbecyde, to enable people suffering
from flaccid paraplegia to perform FESC test tridlee used bicycle has two different
driving possibilities. One possibility is to drivke bicycle by pedaling, called pedaling
mode (p-mode), the other one is by a movement &indd rowing, called extension
drive mode (ed-mode). For both driving possibiitimechanical and electro technical
adaptations needed to be done. To stimulate thelesua prototype of a stimulator for
denervated muscles was used. To use the stimulatcombination with the bicycle, it
was necessary to design a controller and the $aigtinulation program. To assure the
proper function of the bicycle and the designed hmatcal and electrical components,
function tests were performed.

With the ed-mode it was possible to perform extensievelopment tests. The tests lead
to the assumption that the ed-mode would also asildke for persons with denervated
muscles because of its straightforward movememta#t not possible to achieve equally
successful test demonstrations of the p-mode fomality due to difficulties to over-
come a dead zone in the pedaling angle where mmgnnoment is produced. One rea-
son was the limitations in available stimulatiorachels (2 per leg), but as the main
problem the non-lockable freewheel constructiothef commercial bicycle was identi-
fied. Even able-bodied subjects were not able ®ranme the dead zone. After further
instrumentation of the tricycle with an auxiliarieetrical motor support also p-mode
FESC should be possible for paraplegic with dertedvenuscles.
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Im Fall einer Querschnittverletzung, mit resultieder LaAhmung der unteren Extremita-
ten, erleiden die betroffenen Personen gravierdfidechrankungen ihrer Mobilitat.
Dieser Verlust fuhrt zwangslaufig zu weiteren scremeSekundarkomplikationen wie
Herz-Kreislauf Beschwerden, Typ Il Diabetes, mamsiMuskel Atrophie in den unte-
ren GliedmaRRen sowie einer Abnahme der Knocheralidfliektrostimulation (ES) ist
eine unkompliziert anzuwendende Mdglichkeit um di&ekundarkomplikationen zu
minimieren. Ein weiterer Vorteil der Elektrostimtitan liegt darin, vollkommen frei
von etwaigen negativen Nebenwirkungen zu sein,usgesetzt die Anwendung wird
ordnungsgemafd durchgefuhrt. Fahrradfahren mittektfoneller Elektrostimulation
(FESC) ist daher eine in der Rehabilitation genmgesvendete Methode und die positi-
ven Auswirkungen sind in zahlreichen Studien dokoineet. Das Vorhandensein einer
schlaffen Lahmung gilt bis jetzt als Ausschlusgiiim, um an FES-Radfahrstudien
teilzunehmen. Forschungsprojekte, wie das Proj¢&ERhaben in naher Vergangenheit
bewiesen, dass es mdglich ist, denervierte Muskuiat trainieren und nach Degenera-
tion teilweise wiederherzustellen. Zusatzlich wurdm Rahmen des Projektes geeigne-
te elektrische Parameter fur die funktionale Elestimulation denervierter Muskulatur
definiert.

Es war Zweck dieser Arbeit ein Liegefahrrad zu siéagn um Testfahrten mit Perso-
nen, die an denervierter Muskulatur leiden, durchéii zu kénnen. Das verwendete
Fahrrad besitzt Gber zwei verschiedene Antriebsitidkgiten. Einen Pedallierbetrieb,
Pedallier-Modus (p-mode) genannt, und eine Antrigglichkeit, die der Bewegung

beim Rudern, Extensions-Modus (ed-mode) genanohempfunden ist. Fur beide Be-
triebsarten mussten sowohl mechanische als au&lrabchnische Anpassungen am
Fahrrad vorgenommen werden. Zur Stimulation der Kdlagur wurde ein Prototyp

eines Stimulators fur denervierte Muskulatur verdetnUm das Fahrrad mit dem Sti-
mulator betreiben zu kdnnen, war es notig ein Sgeuét, inklusive der bendétigten
Programmierung, zu entwickeln. Um die Funktion Bekrrades, sowie der konstruier-
ten mechanischen und elektrischen Komponentenemdlgyleisten, wurden entwick-

lungsbegleitende Funktionstests durchgefihrt.

Mit dem ed-mode war es moglich ausfuhrliche Entlings Fahrtests durchzufihren.
Dabei wurde dieser, vor allem aufgrund des einfawizusetzenden Bewegungsablau-
fes, als auch bei denervierter Muskulatur durchséhrerachtet. Im p-modus war es
nicht moglich erfolgreiche Testfahrten im Zuge #srtwicklungstests durchzufuhren,
da ein nichtiberwindbarer Totpunkt im Pedalkurbekei auftrat, in dem kein An-
triebsmoment produziert wurde. Einerseits konntezde Verfligung gestellte Stimula-
tor (vier Stimulationskanale) nur zwei Muskelgrupg®o Bein aktivieren andererseits
war es auch ohne Lahmung fur Probanden nicht ntogiic positives Antriebsmoment
Uber den gesamten Tretkurbelwinkel aufrechtzuerhalfls Hauptproblem wurde ein
nicht blockierbarer Freilauf des Fahrrades iderigft. Als Losung ist die Implementie-
rung eines unterstitzenden Elektromotors fiir dierbiiickung der Antriebsliicke ge-
plant. Mit dieser MaRnahme sollte auch das RadfafineParaplegiker mit denervierter
Muskulatur mittels FES im p-Mode maoglich sein.
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1 Objective of the Study

Cycling, supported by Functional electrical stintida (FES), is frequently used today
as therapy for people with paraplegia. But up tav,nib is an exclusion criterion for
Functional electrical stimulation cycling (FESC)paraplegia with denervated muscu-
lature exists.

Therefore study’s aims are:

1. Adapt an existing bicycle for the use as FESy8i
2. Design and produce the necessary equipment
3. Investigate if FESC is possible with flaccid gdgsis

The study was performed in cooperation with anogiedent about to take his diploma
[1]. The areas of responsibility were separatefbbswing. The mechanical design was
part of this work while the programming of the dgsd hardware was part of the other
work. The electrical components were largely desigim cooperation.

2 Introduction
2.1 Anatomical and Physiological Background
2.1.1 The Human Muscle and its Anatomical Structure

The human muscle tissue is one of the soft tissAes unique property, muscle tissue
is able to contract. This contraction leads to @teming of the muscle and furthermore
to movement of the locomotion system. The contoactif the muscle is based on elec-
trical and chemical processes. The muscle of thmeamubody can be grouped in two,
structural different, types. The smooth muscle @redstriated muscle whereby striated
muscles can further be divided in two differentugs, called skeletal muscle and car-
diac muscle. Smooth muscles do exist mainly inither organs like the intestines and
the vascular system. Cardiac muscles occur onllgeaheart. Both, the smooth and the
cardiac muscle, cannot be contracted voluntary. $timted musculature appears
mainly in the locomotion system and can be conéetoluntary. Since only striated

muscles are needed for FESC, the further explarmatiefer only to striated muscula-

ture.

The anatomical structure from the macroscopic t rtficroscopic scale is given by
following sequence. A muscle fascia is building tler layer of the muscle, this fascia
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has a fluently transition into a tendon which carteghe muscle to the bone. Both, the
fascia and the tendon consist of fibrous connedissie. Inside the fascia, muscle fi-

bres are grouped into so called muscle bunchesseThenches are capsulated by the
perimysium, a loose connective tissue layer. Theateufibres, inside of the bunches,

are the muscle cells and can achieve a length 8p ton (Figure 1).

Muscle fibre

Figure 1 Anatomical composition of a striated meas¢Figure adapted from [2])

A muscle cell itself consists of myofibrils whicheaorientated parallel to each other. A
myofibril consists furthermore of huge number afcemeres which are placed longitu-
dinal one to another. Longitudinal myofibriles separated by partition walls, called Z-
lines. One sarcomere is the smallest functional oiha muscle. The structure of one
sacromere is given by two Z-lines parallel to eattter and with proteins as functional
elements between them. The proteins are named, acgiosin and titin. The actine
filaments are directly attached, in a circular waw, both Z-lines. Within the actine
filaments, thin myosin filaments are orientatedats a circular way. The myosin fila-
ments are also attached to the Z-lines by titenfiénts on the outer side and directly to
the so called M-line, placed in the middle of tlaeremere. Because of this orientation
and separation the muscle shows a striated appeausaer the microscope (Figure 2)

[3][4].

Figure 2 Anatomical composition of a sacromeregiFé adapted from [4])
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2.1.2 The Action Potential (AP) and the Excitatlnopagation in Motor Neurons

To initiate a muscle contraction a chain reactibelectrical and chemical processes is
necessary. At the beginning of this reaction atikedaconstant, negative voltage differ-
ence, named resting potential, is dominant betwleemutside and the inside of a motor
neuron. This resting potential is achieved by &ed#hce in the ion concentration be-
tween the intra cellular space and the extra @lisppace of the nerve cell. The physio-
logical reaction starts with the generation of atiom potential at the axon hillock of
the neuron. An action potential means a decreatieeofoltage difference between out-
side and inside of the nerve cell until a positiadue is achieved. This phase is called
depolarisation (DP). The DP phase is followed lgy iepolarisation phase (RP), which
reverses the ion concentration difference betwa@adellular and extracellular space.
At the end of the RP phase the AP shows a shodtivegovershoot, called hyperpolari-
sation (HP) (Figure 3). To start the reaction, wWHeads to an action potential, it is nec-
essary to reduce the potential difference to aoethreshold. Reaching this threshold,
ion channels in the nerve cell membrane do openaandction potential is initiated.
This AP is propagated, inside of the nerve cetihglthe nerve axon to the synapses
placed at the end of a nerve fibre. At the synapseprocess is transformed from an
electrical process to a chemical process. Theiagiaction potential leads to a depo-
larisation of the synapse cell membrane. This alg@ids to an opening of ion channels
and diffusion of ions from the extra cellular spat® the intra cellular space. This re-
sults in a formation of small vesicles, filled witieurotransmitter, in the intracellular
space. In a next step, these vesicles merge watlptbsynaptic membrane of the syn-
apse, and do release the neurotransmitter int@ythaptic cleft. The neurotransmitter
diffuses through the synaptic cleft and binds te@eptor on the postsynaptic side. The
receptor again opens ion channels and leads topalatesation of the postsynaptic
membrane (Figure 4). A postsynaptic membrane ddrerebe another nerve cell or a
muscle cell. In case of excitation propagation frarmotor axon to a muscle fibre the
postsynaptic side is called motor end plate. Théeomend plate is the location where a
muscle is innervated by its motor neurons [4].
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Figure 3Membrane voltage (AP) of Figure 4 Description of the transition from an elec
nerve cell depicted over time (Figt trical AP to a chemical transmission at a synapse
adapted from [4]) (Figure adapted from [4])

2.1.3 Excitation of Muscle Tissue and Muscle Cacttom

The excitation and contraction of a muscle is almoation of electrical, chemical and
mechanical mechanisms. The AP, which is producdtieatnotor end plate, is propa-
gated along the Sarcolemma by the opening of iamméls. On this way the AP is dis-
tributed along the whole muscle surface. Along Th&ystem, consisting of transversal
tubules, the AP is lead into the depth of the nausiVhile travelling along the T-
tubules, the AP is activating ion channel of thec8plasmatic Reticulum. This leads to
the release of calcium-ions into the Sacromere siads the contraction mechanism.
The calcium-ions bind to a molecule named troponmy@gich prevents the myosin
filament from binding to the actin filament. By kiing of the calcium-ion to the tropo-
myosin, the tropomyosin is moving and permits thesmn head to bind to the actin.
For binding to the actin, the myosin itself needsabsorb adenosine triphosphate
(ATP). As next step a single phosphate is reledsed the ATP molecule and forms
adenosine diphosphate (ADP). As a result, the mybsad is twisted about 40°. Then
the ADP is released which leads to a further taistbout 5°. By twisting its heads, the
myosin is sliding the actin filament and as a redhke muscle contracts. To solve the
binding between the actin and myosin filament, agal P needs to bind to the myosin
head. This leads also to the reset of the myosad@ngled orientation (Figure 5).
Since the movement of one single myosin head lea@dsdistance of about 4-10 nm,
high oscillation frequencies and the cooperatiora ¢tfuge number of myosin heads is
necessary to fulfil a muscle contraction [4].
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Figure 5 Displays the mechanism which is respoadint the filament sliding. Step one depicts thee fi
sion of phosphor (P) and ADP. As second step tlease of a single phosphor and the remaining ADP as
well as the bending of the myosin head is showiis Tegads to step three, the adsorption of ATP aed t
resting phase of the myosin head. (Figure adapted [f4])

2.1.4 Anatomical and Histological Changes of Deatstt Musculature

Denervated muscles lack completely of innervatip@ lmotor neuron. This can happen
because of neuropathological conditions or due t@@amatic event. This denervation
leads to dramatic changes of the anatomical andlbgcal structure of the muscle
fibres as well as to severe atrophy. In the firsaryafter the spinal cord injury (SCI)
about 70% of a biopsy section consists of preseafexphic myofibrils. Two years af-
ter the traumatic event, biopsies showed alreaahean value of only 31.5% preserved
atrophic myofibrils. The remaining 68.5% of the By cross section consists of con-
nective and adipose tissue (Figure 6). A permadenérvation of the muscle leads also
to a complete disassembling of the microscopic Ibyibfstructure. Sarcomeres show
wavy or widened Z-lines and do often lack compietdl M-lines. The intermyofibrilar
space is widened and filled with clustered mitoalran The sarcoplasmatic reticulum
is incomplete and the transverse tubules are tistgFigure 7) [5],[6].

Figure 6 Muscle biopsy of denervated muscle tisBieture number 1 shows a muscle biopsy, taken from
a patient, 1,3 years after the SCI. On the rigiht sin picture number 2 a muscle biopsy of a pat&at
years after the SCI, is displayed. The biopsy,nak@& years after the SCI, shows clearly the irserax
adipose and connective tissue gradually, compaitdtie biopsy taken 1,3 years after the SCI. (Fégu

adapted from [5])
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Figure 7 Histological appearance of a healthy naussl a denervated muscle. On the left side, @ctur
number 1 shows a muscle tissue biopsy of a he@gyear old person. The histological appearance
shows well arranged sarcomeres, mitochondria (Bfcaplasmatic reticula (SR) and transversal tubule
(TT). Z lines are highlighted with fully black ams. Picture number 2, on the right side, depiatauacle
biopsy of a patient 0,9 years after denervatiore $hcromere structures are already dissolved.€5 lin
(full black arrows) are wavy in shape and dislodatditrochondria are clustered (empty broad arrow)
and the SR is located randomly far away from thiaes (small black arrows). (Figures adapted fréin [

(7D

2.2 Functional Electrical Stimulation

221 Functional Electrical Stimulation of Denee@Muscles

In a physiological healthy person an action potémsi triggered by the Central Nervous
System (CNS). Further it is propagated by a mosouron to the muscle which is inner-
vated by this neuron and triggers a muscle contra¢see chapter 2.1.2, 2.1.3). When
FES is necessary the motor neuron is damaged hetiveeCNS and the muscle. This
leads to an incomplete spinal cord injury. Thereftre motor neuron is not able to
propagate the AP reliably. One possibility to ug&SHor incomplete SCI is transcuta-
neous-FES (TFES). When using TFES an electrodeipailaced on the skin surface,
directly above the muscle which is to stimulatee Thost effective position is to place
one electrode direct above the motor end plate (Mittch is the innervation location
of the muscle. When a stimulation impulse is sendhfthe stimulator the ion channels
of the motor neuron are opened and on this wayRinisAriggered artificially. The fur-
ther propagation of the AP along the muscle happressame way as it would in a
physiological healthy person.

A complete SCI exists if the motor neuron is cortgdledisrupted. Then the muscle is
denervated and the associated motor neuron isnalolee In this case it is not possible
to stimulate the motor neuron or the MEP and trigwe AP artificial. Therefore the
muscle fibers have to be depolarized directly. Tais be achieved by using large elec-
trodes which cover the majority of the muscle. Amotreason to use large electrodes
when stimulating denervated muscles is that theeptdte has to be kept low. Depend-
ent on the time past since the traumatic eventerootess long impulses are necessary.
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To guarantee charge balance, in the tissue surimgiide electrodes, a biphasic im-
pulse shape is required for stimulation of den@wahuscles. The needed pulse width,
for both phases, varies in a range from 36-150rpem#ent on the physical condition of
the muscle [8].

Comparison of Stimulation Parameters for Transcetars Electrical Stimulation
(TES) of Innervated and Denervated Muscle with 8gahPulse Shape:

Innervated Muscle Denervated Muscle
Amplitude constant voltage Up to £100V Up to £100V
Amplitude constant current Up to £300mA Up to £300m
Pulse width Typically 0,5ms per phase  36-150m$éth phases
Impulse break 15-50ms* 10-400ms

Table 1 Comparison of stimulation parameters fo8 T innervated and denervated muscles. Under
assumption of a frequency range from 20-50Hz* apdlae width of 0,5ms* per phase

2.2.2 Benefits of FES-Cycling for Persons with Pérgia

A lot of negative secondary complications are cdusg paraplegia mainly through
massive decreased capability of voluntary movemEiné& most obvious complication
affects the muscular system. Through the inabibtyactivate the muscles voluntarily
these muscles are affected by severe atrophy.|&is to a reduction of muscle mass
and an increase of fat to muscle ratio. Furtherntbeemuscle strength is reduced as
well as the fatigue resistance and the oxygen agpaftthe muscle. With frequently
FESC training it is possible to increase to mustéss and muscle strength as well as to
increase the muscle to adipose tissue ratio. Eaidd furthermore to increased maximal
power output and endurance. Persons with a SCllysugdfer from spasticity. Spastic-
ity is the involuntary convolution of affected miest These convolutions can be strong
and lead to joint movements. Therefore spastiaty lead to discomfort, disruption of
the activities of the daily life and functional dislities. The results concerning the al-
terations of spasticity after FESC are controvérS8ame results show a reduced spas-
ticity while other results reveal that the frequemd the spasticity is reduced but the
convolutions are growing in strength.

Another complication is osteoporosis for peoplehv8(Cl, caused by loss of bone min-
eral density. The loss of mineral density is preshamt in the paralyzed limps. During

the first year after the SCI the bone mineral dgnsireduced by 20%. In comparison
to able bodied persons, the risk of fractures isdvinigher for people with SCI. Several
studies found no increase in bone mineral densier &ESC whereas others found a
decreased rate of bone loss or even an increabenaf density after frequent FESC
training. These differences statements seem thdeesult of different training dura-
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tions and intensities. Long time immobilization deafurthermore to degeneration of
articular cartilage and to loss of bone mineralsitgrin articular bones. One study indi-
cates that FESC may contribute to reduce this probl

Also the cardiovascular system is negatively inflced in persons with SCI. Caused by
lack of exercise the cardiopulmonary system adaptseducing the diameters of arter-
ies and the decrease of capillarization. Thesetemeplead to a decrease of baseline
and peak blood flow in the lower limps. FESC isefiiective and easy way to increase
the arterial diameters, reinforce the capillary signand therefore increase the blood
flow in the lower limps. Further studies showedt fersons with SCI have a higher risk
of developing cardiovascular diseases. This diseeesilt in decreased cardiopulmon-
ary and metabolic activity. But also this risk dareduced by FESC by increasing the
left ventricular mass and the left ventricular ehastolic volume.

A frequent problem in the SCI population is thewcence of pressure sores which rep-
resent a great health risk. Pressure sores maiaiyr @t areas where only a thin tissue
layer is between skin and bone and pressure iseapjoir extended time. This leads to a
reduced blood flow and oxygen supply in this ardactv ultimately results in tissue
necrosis[9]. A study by Petrofsky found out that titcurrence of pressure sores can be
reduced by 90%. This reduction is achieved by neuattbphy and therefore an increase
of soft tissue and the enhanced blood flow andcefoeg oxygen supply.

Some studies pointed out that type 2 diabetes re fnequent in SCI Population than in
able-bodied persons. This increase in type 2 dighistdue to reduced glucose tolerance
in the lower limps. With FESC it is also possibteiicrease the insulin uptake in the
muscles of the lower limps.

An advantage which should not be neglected is thstipe psychological effect. Pa-

tients who attempted at a study for patients péimep concerning FESC reported of
improved self image and appearance [10]. This haas#ive influence on social abili-

ties and can also be an important training motvatiAlso the functional performance
and the actions of daily life are improved afteqguent FESC training [11].

2.2.3 FES-Cycling Review

At the beginning of the 1980s different researabugs published their FESC attempts
[12] [13],[14]. The motivation was to design a triag device for SCI patients, to in-
crease muscle strength, muscle size and cardideaditness. In 1986 it was reported
that the main reason for mortality in SCI populatis due to cardiovascular diseases
[15]. Based on this report it was searched for ssjtlity to reinforce the cardiovascu-
lar system of people with SCI. FESC was alreadynknas feasible training method. A
further reason to choose FESC instead of FES walkithat FESC is safer to perform
than FES walking. FES walking has a much highdc offalling than FESC with a
tricycle. And only FESC can provide an independanbility opportunity since a per-
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son, riding an outdoor FES-bicycle, is not depehdenhelp of another person. There-
fore more research groups started investigationseraing FESC. To access the car-
diovascular benefit of a training method the maximegen uptake (VO2) is used. The
VO2 is proportional to the oxygen transport in tadiovascular system and the oxy-
gen utilization in the muscles of the locomotiosteyn, the heart, smooth muscles, or-
gans and nerve cells. Therefore it is logical that VO2 can also be increased by in-
cluding the voluntary controllable muscle whenrinag persons with SCI. This attempt
was used by several research groups in 1990 ari2i [189[17]. They started to com-
bine voluntary arm movement with electrical stintiaa of the legs and reported a VO2
increase by 54% compared to only leg or arm exescis

Bicycle Designs

Several different designs were developed overdhethirty years. They can be distin-
guished basically between stationary and movab#égds. Stationary designs can be
further distinguished in ergometers and trainers.edgometer (Figure 8) is an inde-
pendent device which does not need further tooladalitional devices for usage. A
trainer (Figure 9) provides the mechanics necedsare training but does not supply
a seat. For sitting the user’s personal wheel éhagquired. Moveable designs can also
be divided into two groups. The first group areurabent bicycles (Figure 10). Like
stationary ergometers they supply all necessang par driving. The second group is a
combination of the user’s own wheel chair and afit@tal mechanical system which
is fixed to it (Figure 11). Both, stationary and Insile designs are available in two dif-
ferent versions. With one version only the legs lbarirained, the second version com-
bines leg training with training of the arms.
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Figure 8 FES-ergometer for leg cycling only.  Figure 9 FES-trainer for leg and arm cycling. (Re-
(Therapeutic Alliances [18]) storative Therapies [19])

Figure 10 FES assisted recumbent bicycle for legFigure 11 FES assisted wheelchair-bicycle combi-
cycling. (Hasomed [20]) nation for leg and arm cycling (Berkel Bike [21])

Manufacturers

Five manufacturers are producing FES-bicycles atiyeThe oldest one is Therapeutic
Alliances (USA) [18]. Therapeutic Alliances produteeir own FES-ergometer since
1984 which is currently available in its third vers. RECK-Technik GmbH & Co. KG
(Germany) producing their own stationary trainarlég cycling only [22]. The compa-
ny Berkel Bike (Netherlands) has the largest ramigproducts [21]. They are special-
ized on recumbent bicycles with combined leg amd drive and provide pure recum-
bent bicycles as well as a wheelchair-bicycle caoration. They also offer a stationary
trainer for leg and arm movement. Restorative Tiesa(USA) uses motor assisted
trainer, from the company Medica Medizintechnik (@any), in combination with
their own stimulation equipment [19],[23]. They effstationary trainers with either leg
movement only or leg and arm movement. The comptasomed (Germany) provides
a trainer for the legs only as well as a recumbeyicle, also only for the legs [20]. The
mechanical components of the trainer are produgdddeck and Hasomed applies their
stimulation equipment. The recumbent bicycle isdpied by the company Hase Bikes
(Germany) [24]. The necessary adaptations are rhgddasomed and they use their
stimulation equipment.
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2.2.4 Selected Applications of Functional Electri8amulation for Paraplegic
Persons

Already at the time of the Roman Empire naturalgctical sources were used to heal
various pain conditions. Later at the end of th8 48d the beginning of the T@entury
the invention of electrical machines to producecteleal impulses lead to the field of
electrotherapeutics in the i &entury. By discovering that, it is possible tmguce
muscle contractions by a tetanic frequency of dbadt impulses the field of
electrogymnastics was born in thé"i@ntury. From there on it lasts till the middle of
the 20 century since the term FES was introduced. Thedjpglications, around 1960,
of FES were for grasping and for cardiac pacemé&&iece then FES was used in sports
for additional training, as neuroprosthesis to aestmpaired body functions and for
rehabilitation [25]. Subsequently some selectednptas for rehabilitation of the lower
limps are explained.

FES-Rowing

Beside FESC, FES-Rowing (FESR) was developed tareghcardiovascular fitness in
people with SCI. An advantage of FESR is that thusgtes of the arms and the upper
body are voluntary activated additional to thefiarél involuntary movement of the
lower limps. This leads to an increase in VO2 uptak comparison to exercises with
either only movement of the arms or only moveméiihe legs [14].

For FESR stationary rowing ergometers are usedefdg@meter main components are a
moveable seat which slides along a rail, a focatfon as support to produce the leg
driving force, a braked flywheel to produce theigesice and a handle which is at-
tached to the flywheel by a rope. Additional toseomponents ergometers used for
FESR have to have foot fixations which allow alke fixation of the shank. The seat
used for FESR has to be adapted to meet the remgiits necessary for people with
SCI. Therefore it has to take care that the sestnioaregions with pressure peaks. A
bucket seat with belts has to be used for fixaéind stabilization of the trunk. A spe-
cially developed indoor rowing machine includeseatsbrake which keeps the seat in
position at the end of the driving phase. This bamecessary in case that the legs are
not able to produce enough force to stay in thstjmm.

For a rowing cycle the alternating stimulation bt tmusculus quadriceps femoris
(MQF) and musculus biceps femoris (MBF) is necessarrowing cycle can be di-
vided in following fife phases. The first phasecalled the Catch-Phase. In this phase
the seat is in frontal position, the legs are bamd the arms are stretched. In the second
phase, the Drive-Phase, MQF of both legs is stitadlavhich produces a driving force.
This leads to a backward movement of the seatdrthird, the Handle-Pull-Phase, the
arms are pulled to the trunk while MQF, of bothdeig still stimulated to keep the seat
in backward position. The fourth phase, the Firiélase, is achieved when the arms are
pulled as close as possible to the trunk. Both M@Fstill stimulated. In the Recovery-
Phase MBF of both legs are stimulated and the $tion of MQF stops. Additional
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the arms are stretched again. This leads to a fdrmavement of the seat until the start
position is reached [14],[26].

FES-Standing and Walking

In 1963 the first application of FES with a pargiteperson was reported. Erect stand-
ing was achieved for few minutes [27]. In 1973 sesech group reported about experi-
ments with patients about FES assisted lifting.yToeind out, that it is possible to lift a
patient’s body from sitting position with FES. Fwet, they summarized that FES is a
more functional substitution for the orthopedicalides in those days and predicted
FES as best hope for improved locomotion of paplpersons [28]. This led to the
expectation that ambulation problems of paraplggitsons can be solved in near fu-
ture. Further studies revealed that the potenfi®lES to restore ambulation is limited
by high energy consumption, rapid muscle fatigue aery low ambulation velocities
[29]. Nevertheless, in 1980 bipedal walking of agpdegic patient was described for
the first time [27]. In the eighties and at the ineghg of the nineties research groups
presented different approaches to bypass this gmlOne approach was the combina-
tion of FES with leg-ortheses. Another was to implalectrodes surgically. None of
these approaches was available as product on theemahe only system, achieving
product stage was Parastep (Sigmedic/USA) [30% #ctually the only available sys-
tem for FES-waking available on the market. Thdesysis distributed by the company
Therapeutic Alliances. All these studies have imewn that only patients with inner-
vated muscles were chosen for the test trails.

In 2001 a European project named RISE was initiati¢d the aim to develop a reha-
bilitation method for persons with denervated mescAs part of the project it was pos-
sible to prove that even with denervated musclespbssible to stand-up. Three out of
twenty patients were also able to walk for a sd@tance [31].

The Parastep system consists of a battery powerg@processor controlled unit with
six stimulation channels (Figure 13). The stimwlatirequency is 24 Hz at a pulse with
of 150 pus and with an amplitude range from 0-300. AAtandard walker (Figure 12)
is used for support. The walker includes buttomscémtrolling the stimulator. Two dif-
ferent functions are available, the walk functiowl @ stand-sit function. For stimulation
surface electrodes are used to stimulate the M@RWBF. For triggering the stepping
action the common peroneal nerve is stimulateds Hutivates a withdrawal reflex
which is used to trigger the stepping action [29].

It is important to notice that the Parastep sys®only designed as supplement to the
wheel chair. The system is not capable to restwsedody functions for daily living. It
can only be used as training device.
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Figure 12Parastep walker including switches (1 Figure 13Parastep stimulator (The picture is tal
picture is taken from [30]) from [30])

Ancillary it has to be mentioned that it is not pibde to start with one of the rehala-
tion methods mentioned above. s is due tothat in many cases time periods uf
several years are past between the start of thabitghtion program and the eve
which lead to the SCI. This leads to partially seva&trophied muscle tissue. Therefol
training program to restorhe muscle functionality and muscle mass has complet-
ed before.

3 ConceptMateria and Methods

3.1 The Bicycle

The used bicycle calledReh&Funtrike” from the company “OVG Marketing und r-
triebs GmbH” is a recumbent bicycle where the patie abe to sit in an upright pi-
tion. It has three wheels, orientated in a triarshape. Twavheels on the back side
the bicycle and one dhe front. The steering of the bicycle takes pleat the frontal
wheel. The drivehappen at the backward wheels, whereby otihe left backwarc
wheel, in driving direction, is driven by musclewm. The backward wheel on the ric
side can only be driven with the implemented eiemotor. The motor iconly intended
as supportto assure that it is only used whilriving by muscle force an inductiven-
sor is placed at the middle chain wheel to cheek¢volution of the wheeTherefore it
is only possible to use the engine while the beysIlmoving The engine speed can
regulated via a turning handle at right handlebarA four speed gear box is availal
with the gear lever also at the right side of thediebal The speciality of the bikis,
that it providegwo different drivetrain possibilities. The firshe is to drive the cyc,
as usual for a bicycleja pedalling, called “pedalling mode” (p-modeJhe second on
is to drive it with alinear movemel, similar to a rowing moveme here called ed-
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mode. Therefore the pedal crank has to be fixatedtlae pedals have to be orientated
in the same direction. The drive chain has to benpked to the seat. This can easily be
done with a lever placed underneath the seat. [bw dhe seat to slide along the guide
rail (Figure 14), which is mounted on the bicyalenfie, a second lever which fixes the
seat has to be released. On this way the drivenahaves backward and forward ac-
cording to the seat movement. To prevent a chamgkive orientation while the seat
moves in forward direction, the drive wheel wasigiesd as a free-wheel.

Figure 14 Picture of the bicycle in extension dnmede with the seat in end position (left side) ford
ward position (right side) (Pictures taken from])32

Bicycle Data:

Length, width, height [mm] 1985, 780, 1065

Weight (including battery) [kg] 48,2 (53,2)

Wheel dimension (ETRO) 28-406

Gear change 4-speed Shimano Nexus

Brakes front/back Front: V-Break ShimanoRX100
Back: Rollerbrake Shimano Nexus

Accumulator Data: 30 NiCd cells

Nominal voltage [V] 36

Capacity [mAh] 5000

Electromotor Data: Wheel hub motor

Nominal voltage [V] 36 DC

Type Electrically commutated

Table 2 Technical data of the Reha-Funtrike
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3.2 System Concept
3.21 Safety
Injury

It has to take care that the patient does notrgetad by the system. Neither while the
stimulation process is active and works properlyincase of a system malfunction.

Biomechanical safety

Since the bicycle is not intended to be used asl§iB®le originally, it has to be taken
care that biomechanical safety measures are coadidearticular joints and ligaments
have to be prevented from to high loads. It is &sportant to avoid hyperextension of
the knee.

Electric safety

Voluntary muscle contractions, of the locomotiostsyn, as well as involuntary muscle
contractions, like cardiac activity, are governgdetectro chemical processes. There-
fore they can be influenced by artificial currelowf from an external source. Potential
hazards, concerning low voltage, are ventriculbarilfation and apnoea, if the contact

with the electrical circuit happens in the thora@gion. In all parts of the human body
involuntarily muscle contraction can occur. Thigatuntarily muscle contractions can

lead to secondary accidents.

To avoid such accidents it is important to knowvaich threshold currents start to be
harmful for the human body. These thresholds haesn liound by experiments and are
displayed in Figure 15. The first region is name@-D and is limited by the line “a”
which displays the perceptibility limit. TherefareDC-1 a human is not able to feel the
current flow. Furthermore, current flow in this i@y does not lead to injuries. The sec-
ond region DC-2 is limited by line “b” which markise release threshold. Underneath
this threshold it possible to voluntary releaseobject which carries current although
involuntary muscle contraction occurs. For duragiamderneath 2 seconds, line “b”
also marks the region where no permanent damages.ddgne “c” limits the third re-
gion DC-3 and marks the threshold until which tis& of ventricular fibrillation is ac-
ceptable. In DC-3 strong involuntary muscle corttoars occur, they can lead to per-
manent or temporary injuries. In area DC-4, adddlao the symptoms described for
areas DC-1, DC-2 and DC-3, ventricular defibrithatiis possible. The probability in-
creases with raising contact current value anceoaifiow duration.
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Figure 15 Simplified Time-Current-Regions DC-1, RCBC-3 and DC-4 for electrophysiological effects
displayed for direct current. (Figure adapted f{831)

Since the current flow varies depending on the biogyedance and the voltage it is
therefore complex to determine for practical pugsos'he body impedance varies in a
known range and the most safety hazards are vadiagees. Therefore voltage is used
as safety criteria instead of current.

Experiments were made to determine a voltage thlésht which no harm can occur.
Four different current pathways and three diffei@nttact conditions were observed, at
a voltage of 60V/50Hz AC. Results showed that figr @hd wet contact conditions no
risk of getting harmed exists. Even for the adverage of contact between the hands
and the trunk. Only for salty-wet contact condigonjuries can happen (Figure 16).
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Figure 16 Body impedance and resulting contaciecitsr The Body impedandg (50%) was measured

at 50Hz alternating current and 60V contact voltagelifferent current pathways. The resulting cant

currentsl, were measured for contact conditions dry, wetsalty-wet at medium sized contact surfaces.
(Figure adapted from [33])

Since the body impedance is higher for direct gdtéhan for alternating voltage at
regions < 200V, (Figure 17) this results are alabdvfor direct current. Therefore a
contact voltage of 60V/DC can be assumed as safstaCt voltage is defined as the
voltage which occurs at a human body if conducpaes with different electrical po-
tentials are touched [33].
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Figure 17 Body resistance at dry contact conditi@usly resistanc®&,, for direct current and body im-
pedancé,, for alternating current. At 50/60Hz, for a 50%pptation of living people, at the contact
voltageU, region from 25V to 700V. At dry contact conditigerge contact areas and hand-hand cur-
rent pathway (Figure adapted from [33])

A further danger which has to be considered, congrelectro stimulation, is the elec-
trolytic stress in the tissue around and underntgehstimulation electrodes. Electroly-
sis happens at the border between the stimulaksmtredes and the human skin. In case
of surface electrodes this leads to productionoaiitan hydroxide solution underneath
the cathode while underneath the stimulation edeletrmuriatic acid is produced. Both,
sodium hydroxide solution and muriatic acid leacthemical burn of the skin and the
tissue.

To avoid electrolysis it is to use biphasic pulseves instead of direct current stimula-
tion. The negative and the positive phase of tirausation impulse have to have the
same amplitude and phase duration to provide chaafgncing. Despite the biphasic
pulse wave it is important to limit the current diy at the electrode contact surface.
The current density is not allowed to exceed 2.0sm&/ Above this threshold there is a
risk of cauterization of the area underneath teeteddes [34].

Furthermore it has also to be guaranteed that tiheulgtion process can be aborted
immediately in case of malfunction.
Stability

The whole system must be stable by itself and istnbbe impossible to overturn while
driving or when the test person takes place orbitycle.
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3.2.2 Requirements

Functional Requirements

Drive Modes:The bicycle can be driven by two different moded-(hode, p-mode). It
has to be guaranteed that both modes can be usegdrgon with paraplegia.

Bicycle Alteration: The mechanical and electrical alteration of theytde from one
drive mode to the other should be easy and witheetof many tools.

Stimulation: The stimulation triggering and the stimulation ggss have to be intuitive
and easy to handle by the test person.

General Requirements

Bicycle Modifications: All modifications, which are necessary for thivestigation,
have to be non-destructive. This means that alispaiided to the bicycle have to be
removable and are not allowed to let traces asshelets or other in mechanical design
usually used fixation elements.

Stimulator: The stimulator for this investigation has to béahle for the stimulation of
denervated muscles. Therefore it has to be algenerate longer impulses as well as to
produce higher energy per pulse. The experimeatal ¢hannel stimulator provided by
the Center for Medical Physics and Biomedical Eegiimg is capable to fulfil these
requirements and is used for this investigationc&ithe stimulator is not designed for
this investigation it needs to be adapted to wadperly in combination with the con-
troller.

Bicycle Service:Due to its age and previous investigations thgdiécneeds to be re-
paired, maintained and restored to its originaifyes

3.2.3 System Draft

The stability of the bicycle, while standing andvarg, is already satisfying. A hand-
brake for fixation of the bicycle, while the testérpon is taking place on it, exists.
Therefore there is no need to make alterationtadbicycles geometry or the fixation
mechanism. From former investigations a tray onlthek of the bicycle is available
which can be used to carry the stimulator and dmeroller while driving with the bicy-
cle. The stimulator button is placed on the haraliebhe voltage supply for the stimu-
lator, the controller and the stimulator buttompisvided by the stimulators battery. To
provide an opportunity to stop the stimulation gssimmediately, in case of an emer-
gency, an emergency button is placed on the haadleb
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Figure 18 System Draft of the bicycle displaying thicycle (1), the tray (2), the stimulator (3) tton-
troller (4), the stimulator button (5) and the egearcy button (6)

User Controller Interface Concept

A control panel (A), for the implemented electricgene, is part of the bicycle and
needed to be fixated to it. The control panel pesse a clamp fixation but this fixation
does not fit to the handlebar of the bicycle. THilfuhe requirement of doing no irre-
versible alterations to the bicycle a clamp abtation was chosen. Because of the size
of the control panel only a placement in the midofiehe handlebar is possible. Also
the length of the existing cables, leading to thetio| panel, had to be considered. Fur-
ther limitations are , that it is not allowed tdarfere with the driver’'s legs or to mask
the drivers view while driving. Furthermore it htastake care that it does not interfere
while taking place onto the bicycle. Thus thesesaierations the control panel mount-
ing (CPM) (B) was placed on a lower position, ie thiddle of the handlebar, to enable
a good overview on the control panel without magkhe drivers view.

The position of the stimulator button casing netdbe good accessible by one of the
test person’s hands but is not allowed to interfeith the movement of the legs. It has
also to be taken into account that the stimulabiotion has to be reached quickly and
without interference, through other parts, by oh¢he fingers or the thumb. Since the
driver is sitting in a low position on which he canly look close above the handlebar,
in the final design, the casing (C) was placed sgbently to the left handle grip. The

test person’s left hand side had to be chosen sindke right side already the shifter
for the gear box (E) is installed. Furthermore dhgvation through the thumb was cho-
sen since this enables the possibility to use d@ahle@ver, which does not interfere with

the driver’s legs.

The most important requirement concerning the mwsivf the emergency button (D)
was, that the button has to be accessible quiakdyvéthout interference, in case of an
emergency. The best position therefore is neahémellebars handle since the test per-
son’s hands are already placed there. That is whgs#ion slightly shifted from the
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middle of the handlebar was chosen. The emergeuntiprbcan be shifted along the
connection pipe, in the middle of the handlebaradapt its position if a left-handed
person drives the bicycle.

To give further information’s about the driving abtion and the stimulation process a
bicycle computer (F) and a display (G) were attddioethe handlebar (Figure 19).

Figure 19 User controller interface. Position af ttontrol panel (A), the control panel mounting, (Bg
stimulation button casing (C), the emergency but@sing (D), the shifter of the gear box (E), tieytle
computer and the display (G) attached to the bé&syblandlebar

Stimulator Button Casing Concept

The stimulation is voluntary triggered by the pati¢hrough the stimulation button.
Therefore the design of the stimulation button mgbtains an important role in the
design concept.

For better sensory feedback, while pressing tmeuéitor button, and therefore a more
reliable stimulation by the test person the butbauld have a defined activation point.
To increase the sensation of the activation pbiati¢verage ratio needs to be designed
that the needed activation force is slightly ineegh To fulfil these requirements the
button is placed on the back of the stimulator rgggind is activated through a lever
which is moved by the thumb.

For a better haptic sensation the lever of thewdéition button casing is slightly curved
and all edges are rounded.

To provide additional feedback for the driver abth#t ongoing stimulation process
light emitting diodes (LEDs) are implemented on ftental plane of the casing. Two
green LEDs, displaying the end positions of thd,sehile using the ed-mode and one
red LED to display an active stimulation processdlis ed- and p-mode.
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Stimulation Button - Leverage Ratio Calculation

The leverage ratio can be calculated outgoing fiteerequilibrium of moments with:
Fq*y=Fx*x

Solving the equation fa¥; leads to:

X

With x = 39mm andy = 25mm follows:
F; =16 *F,

This leads to a one and a half time higher needédation force for the thumb and
therefore to an increased sensory feedback.

Fs

>

Figure 20 Stimulation lever force relationshipse®k of the stimulation lever with the needed atton
force (Fd), produced by the thumb, and the resyifiance (Fs) acting on the stimulator casing button

Electric Safety Concept

The electric engine of the bicycle is powered b$6& DC accumulator. A 12V DC
accumulator powers the stimulator, which also segpthe power for the controller.
The controller transforms the received 12V DC to[B® for the angular encoder and to
3,3V DC for the limit switches and the stimulatibatton casing. Since none of these
voltages exceeds 60V DC no particular precautisasnacessary concerning the elec-
tric safety.

Voltages higher than 60V DC and 25V AC are onlydowed within the stimulator

which has to be closed therefore. Alternating \g@tdigher than 25V appears at the
stimulation electrodes. But this is wanted and sgagy for transcutaneous electrical
stimulation. Therefore the operator who is monrtgrthe stimulation process has to
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take care that no unintended contact to the eléetraan happen while the stimulation
process is active.

To avoid a short circuit or unintended contact with electric circuit all cables have to
be sealed, laid properly and provided with connesctall housings of electrical devices
have to be covered that their insides can’'t behedaccidently.

To fulfill the requirement to stop the stimulatigmocess immediately in case of an
emergency or if intended by the driver’s choiceesamergency button is necessary. The
further tasks of the emergency button are, on tieet@nd to stop the stimulation pro-
cess and on the other hand to disconnect the wdysliem from the voltage source.

Therefore the emergency button is positioned diafter the stimulators battery, in the

electric circuit. Thus the controller and the stiator are without voltage supply when

the emergency button is pressed.

The casing of the emergency button should be a#i ampossible to fit on the handle-
bar without interfering. But it has to be stablenithstand higher forces if the emergen-
cy button is pressed rapidly and strong in casanoémergency. A clamp was chosen
for fixation. The rest of the casing design waspaeld to the shape of the emergency
switch and the required space for the connectaudirig to the controller and the stimu-
lator.

Stimulator Adaption Concept

The used four channel stimulator needs to be adagtd overhauled. Because of its
age the battery of the stimulator needs to be ceplaThe original used battery is a cus-
tom build model. To reduce costs a 10 cells, 420Bmna8cumulator with a nominal
voltage of 12V (Sub C/Conrad Electronic SE) (Bused for replacement. Because of
the bigger size of the new battery its positiondse® be changed and therefore the
fixation mechanism. The task of the fixation medkan(A) is to keep the battery on its
position while the stimulator is moved. Unintendedvement of the battery could lead
to a short circuit. The only existing fixation oppmities without need to drill through
the stimulator housing are holes on the inner bottd the stimulator. Therefore hook
like clamps, called battery clamp (BC), were desdyavhich are fixed to the stimulator
housing (Figure 21).

For the control of the stimulator a new connectaggas to be implemented, since the
original used type is not available anymore. Theneeh new 5 pin connector was placed
underneath the old one and the control cables alsceattached to the new connector.

Regarding the electrical concept the whole systepowered by the stimulators battery.
Therefore a 3 pin connector was implemented orb#ukside of the stimulator housing
therewith the controller is connected across thergancy switch.
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Figure 21 Position of the BC (A) and the battery ifiside of the stimulator

Seat Position System Concept

To control the stimulation process and as visuadli@ck for the driver the position of
the seat must be known. There was a choice of thiflsent systems, a cable actuated
position sensor, a magnetic tape sensor or a $miich. At the final design two limit
switches where chosen, for detecting only the esgitipn of the seat, since there is no
need to know its exact position. For controllinglas visual feedback it is sufficient to
know the end positions of the seat. Other reasonshoosing the limit switch version
are that a limit switch is small in size, the chestpoption and more easy to implement
in the controller program than the actuated pasisiensor or the magnetic tape sensor.

The switches needed to be placed in a positionevtiery do not collide with the mov-

ing seat. The most fitting place is the space antbegicycle frame, the sliding rails

and the seat (Figure 22). To adapt the limit switokition to the body height of differ-

ent drivers, the position of the limit switches de¢o be adjustable in direction of the
seat movement.

This leads to the final design of a rail with loslpts on both ends where the limit
switches are mounted. The rail is fixed to the blieyframe with the same screws as the
sliding rail to avoid destructive changes to theyblie. As counterpart, for a defined
activation of the limit switches, a fence is mouwhte the bottom of the seat (Figure 23).
The fence has a chamfer on both sides, to allownaoth contact with the limit
switches. To fixate the fence to the seat, thewsgravhich are used to mount the seat
frame to the sliding frame, are used.
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Figure 22 Position of the Limit Switch Mounting Figure 23 Placement of the Limit Switch Fence (A)
(A) including the Limit Switches (B)

Concept of Mechanical Safety Measures

An important point of the systems concept is thietgaof the test person. Since the
bone density and the strength of the ligamentdrangly decreased at persons with
paraplegia [35] it has to take care that no fradwan happen at the legs or the knees.

The first mechanical safety measure taken is tattheel, which is driven by muscle
force, is designed as freewheel. This assuregrbdest persons feed stop turning when
the stimulation process is stopped, even when itycle is moving, in the p-mode.
Without this measure the legs would be driven lgylilcycles mass since they are di-
rectly linked to the drivetrain. This would leadan uncontrolled movement of the legs
and could easily lead to injuries of the knee erldygs. The used bicycle already fulfils
this requirement.

The second safety measure is an adjustable end®tepbicycle should be usable for
persons with different heights. A taller person cae the whole length of the sliding
rails without hyper extending its knee. A smallergpns knee would hyper extend be-
fore the end stop of the sliding rails is reachBEds could lead to knee injuries, espe-
cially at paraplegic persons. Therefore a moveahltis stop needed to be designed, to
limit the guide rails length. Since it has not bedlowed to make any destructive
changes to the bicycle a clamp design, with a quetéase, was chosen. The end stop
buffer, from the original design, can be mountedt@end stop clamp (ESC). The ESC
is placed in the rails of the seat sleds guide (&). So it is guided by them and can be
shifted along the guide rails (Figure 24).

Both pedals are able to rotate around their fixasbafts. This is a generally welcome
behaviour, but it is undesirable at the end ofrtit@vement at ed-mode, when the seat
has reached the backward end stop. Since whemr#hésseaching the end stop it could
happen that by a failure in the control progranthersensory equipment the stimulation
does not stop and then the knee gets hyper exteftiezican lead to an injury of the

driver's knee. One possibility to avoid this woudd to reduce the possible travel of the
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seat but this would lead to a reduced usable demgth of the seat. Therefore a me-
chanical pedal end stop (PES), which limits the uéergmovement, was designed

(Figure 25). The guiding rail of the end stop isumted to the pedals of the bicycle. The
cylindrical end stop itself is mounted onto thd eaid can be moved along the rail (A).

Thus the rotation around the pedals axis can bigelimBut it has to take care that this

end stop is only used additional to the ESC becaas® only the rotational end stop

could also lead to an injury of the knee or pressares at the region of musculus gas-
trocnemius.

Figure 24 ESC (A), clamped onto the guide rails,Figure 25 Position of the PES (A) on the left side,
in bottom position in driving direction, in end position.

Controller Concept

The basic task of the controller is to receive sesgynals from the bicycle and control
signals from the stimulation button. Then he hasetod proper signals to the stimulator
according to the actual situation. The sensorsdhatused are an angular encoder and
two limit switches. A further task of the contralles to control a display and three
LED’s as an optical feedback for the driver. Remaydo the electrical concept the con-
troller possesses no own voltage source and is nrgaW®y the battery of the stimulator.
Therefore the stimulator needs six connectors. Asravontroller a Fubarino Mini
board was chosen because it is easy to use, angaige and it is based on the Arduino
platform. Therefore it is like Arduino an open [dam microcontroller. The Fubarion
possesses two connectors for programming and eseqgly, therefore the controller
housing needs two additional connectors. The fatugesigning the controller casing
was to make it small in size and convenient to Uiberefore, the casing was produced
by the institute’s 3D printer.
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Necessary adaptations for the ed-Mode

For the extension drive, both pedal cranks needsetaligned in the same direction.
Therefore it is necessary to dismantle one of traapcranks and fix it in a 180° twisted
position. Furthermore, they have to be fixed inrtpesition to afford a stable platform
for the legs. The bicycle already provided holeshie chain-guard and through the bi-
cycle frame. The most convenient way was to useethmles for the fixation of the
pedals to the bicycle frame (Figure 26). Therefarerank fixation (A) needed to be
designed. Since the dismantling of the bold shd@aasy and quick to handle on one
side of the bold a handscrew was used for fixat@m.the other side a slot was milled,
broad enough to use a coin as counterpart whilegithe handscrew.

Figure 26 Position of the Crank Fixation (A)

Necessary adaptations for the p-Mode

For a previous investigation, gears (B) which atging an angular encoder (C), were
placed on the bottom bracket shaft (BBC) (A) (Feg@ir). Since therefore the shaft was
too short, pedal cranks with a thinner socket westalled instead of the original ones.
For this investigation the original pedal cranks aecessary to fixate the patient’s legs
with the pedal’s orthesis. Therefore, the BBC ndddebe extended. Furthermore the
gear mounted to the BBC was only attached withothér fixation. This could lead to
unreliable measurement of the encoder becausepobetiween the gear and the BBC.
Therefore a radial hole was drilled with a threadixate the gear with a setscrew.
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Figure 27 Position of the BBS (A), the installecage(B) and the encoder (C)

For the pedalling movement an additional drive ghaas to be mounted. This chain
needs to be tensioned to provide a reliable fomesmission without sliding. The exist-
ing chain tensioner is not able to fulfil this careh and allows the chain also to jump
off the gear. Therefore, a new chain tensioner eged be designed. To reduce the de-
sign effort an existing tensioner model (XLC/CR-A®@&as chosen. Due to the required
position it was not possible to fix the tesniongectly to the bicycle frame. Therefore,
an adapter had to be designed. The main objedtiyetesigning the adapter where to
prevent sufficient preloading to tension the chaimvide a possibility to slightly vary
the preloading force to avoid a too high chain itamskeep the chain in line with the
gear wheels and to be as small as possible to avoallision with surrounding parts.
Furthermore existing fixation elements on the blieyicame have to be used. The bicy-
cle frame has a through-hole with a square shapmerside. This square shaped recess
was fitting for a carriage bolt which was used floe fixation of the chain tensioner
adapter (CTA) (Figure 28).

Figure 28 Position of the CTA (A) with the chaimsgoner (B)
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3.24 Resulting Concept

Figure 29 Sketch of the resulting system concefit thie bicycle (1), the tray (2) for carrying thamila-

tor (3) and the controller (4). As sensory equiptiiba bicycle computer (7), the angular encodea(t)

the limit switches (10) are used. For observatibtne stimulation process and the driving condiidime

bicycle computer (7), the control panel, includthg LCD (8) and the stimulation button (5) are uSesl
interrupt the stimulation process the emergenctobui6) was implemented. The stimulation process is
triggered by the stimulation button (5). To dimimthe general injury risk belts (11) and a seatpag
(12) were implemented. The hyperextension of theekis avoided by the end stop clamp (13) and the

pedal end stop (14).

3.3 Equipment
3.3.1 Stimulation Equipment
Stimulator

The stimulator used for this investigation is arfobnannel voltage controlled stimulator
and has been adapted to the studies aim. The desiltage amplitude can be set sepa-
rately for each channel with four potentiometersirange between +2-75V. To limit
the output current a voltage regulator, which aired by controlling the voltage drop
across an adjustable shunt, is used. The overé pudth can be modified from 1 to
70 ms by binary coded switches. Whereas the oveuidke width includes the negative
and the positive pulse phase. The duration betweesecutive pulses can be set in a
range from 1 to 250 ms. By combination of the pwis#th and the delay between two
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consecutive pulses the frequency can be adjustadramge of 3-500 Hz. Every single
channel can be turned on and off by a separatelswithe stimulation is triggered by
an external on-off switch [36].

A voltage controlled stimulator was used since gtisiulation type reduces the danger
of skin burns if an electrode is not applied prdp€erFhis is even more important when
stimulating persons with denervated muscles siheesfore higher energy and longer
impulses are needed.

Figure 30 Image of the stimulator front panel witih connected controller underneath. On the top aid
the panel the four potentiometers (A) for settimg voltage amplitude are mounted. Directly undeiimea
for every single channel, on-off switches (B) al@cpd. At the right side of the on-off switches Hileary
coded switches for setting the impulse durationg)@j the delay between the impulses (D) can bedfoun
The new trigger input (E), implemented for thisastigation, is placed next to the potentiometees ne
the original trigger input (F). The output connedtrr the stimulation electrodes (G) is placedhat tight
bottom corner.

Stimulator Data:

Supply Voltage [V] (Accumulator) 12 DC
Accumulator Capacity [mAh] 4200
Stimulation Voltage Range [V] +2-75
Stimulation Frequency [HZz] 3-500
Pulse With [ms] (biphasic) 1-70
Interruption between impulse [ms] 1-250

Table 3 Technical data of the used stimulator

Controller
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The controller was designed specifically for thigastigation. As core of the controller
a Fubarino Mini V15 board with an implemented PIG3&rocontroller is imple-
mented. With the controller it is possible to cohfour stimulation channels separately.

The controller has two sensory inputs, one thraecpnnector for the limit switches and
one six pin connector for the encoder. A further @n connector is implemented for
the stimulator button input. As output, for the tohsignals, a five pin connector is
implemented. For the power supply a four pin cotoreis installed. As additional volt-
age supply while programming the microcontrollereeess is made on the back of the
casing, to have access to the microcontrollers O&ihector. This is needed when the
controller is not connected to the power supplyhaf stimulator. On the front side of
the casing a RJ11 connector is implemented forraroming. All connectors are la-
belled and have different forms to avoid unintendedng connection of cables.

Further details concerning the used componentgiges in chapter “4 - Bicycle Modi-
fications”. A circuit diagram can be found in thegpandix.

Controller Data:

Dimensions [mm] 120x90x44

Supply Voltage [V] 9-18DC

Table 4 Technical data of the controller

Electrodes

For transcutanious electrical stimulation surfaeeteodes are used. There are two pos-
sible types of surface electrodes which are swétédnl this investigation, self-adhesive
electrodes and surface safety electrodes.

Self-adhesive electrodes (Figure 31) are built muiti layers configuration. The upper
side consists of a non conductive layer, to aveiigg in contact with the current cir-
cuit involuntarily. A conductive layer with an imtdéed wiring, for connection to the
stimulator, is attached to the non conductive lajEwadays carbon is the most often
used material for the conductive layer. A hydrolgger with relative high peel strength
and a low resistance is applied next to the comdudayer followed by the skin con-
tacting hydro gel layer which has also a low resise. To remove the electrode easier
the skin contact layer has a relatively low peetoéngth.

Safety electrodes (Figure 32) consist of two lay@tse conductive layer is made of

polyurethane loaded with electrical conductive ipbes. To insulate the conductive

layer a silicone layer surrounds the conductivetayn all sides except the skin contact
side. On the upper side connection holes are dyilewhich the stimulator cable can be
connected to the electrodes. As contact mediumdmatvihe conductive layer and the
skin, electrode gel or a wet sponge can be usegl.sphcial feature of the safety elec-
trodes is that the edges of the conductive layersarrounded by a thick silicone bead.
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The bead unloads the edge-skin contact and desréasefore the current density in
this region. Another advantage is that the beaddavoss of contact medium and there-
fore skin burns over the conductive surface artie@tlectrode edges.

Figure 31 Picture of self adhesive electrodes forFigure 32 Safety electrodes with conductive layer
transcutaneous electric stimulation (Taken from pointing upward. On this picture electrode gel is
[37]) used as conductive medium (Taken from [34])

3.3.2 Sensory and Measurement Equipment

Limit Switches

Limit switches are used for registering and dispigyhe seat end positions in ed-mode.
Two, single pole single throw-normally open (SPSD)N stroke switches
(ASQ10230/Panasonic) were used. With single polglsithrow a simple on-off switch
iIs meant. There is only one lever which is eithmmrected to the other pole or not. If it
Is not connected to the other pole in default coolithe switch is called normally open
(Figure 33).The limit switch is triggered by a mlunger which is mounted perpendicu-
lar to the upper side of the limit switch.

o

—

COM MO

Figure 33 Circuit diagram of the SPST-NO switclnitial condition, with the schematic displayed pin
plunger on the upper side (Taken from [38])

Limit Switch Data:

Max. Operating Force [N] 15
Max. Operating cycle rate [cycle per minute] 120
Rated Voltage [V] 5-30DC

Rated Current [mA] 1-100DC
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Table 5 Technical data of the implemented limittstés

Bicycle Computer (BC)

A BC (ROX10.0GPS/SIGMA) is used for recording theyile velocity which is used
to calculate the mean power while driving. The B&3 Iplenty of different functions,
which were not necessary to use in this invesbgatiHere only the used functions are
explained.

The velocity is measured with the velocity sendahe BC which is connected wireless
to the computer. A magnet is fixed to a spoke efliicycle rim and passes the sensor
every revolution. This produces a signal whichras$mitted to the computer. The pe-
rimeter of the bicycle wheel has to be programnmd the computer. In this way he
computes the velocity according to the number wblgions.

One of the biggest disadvantages of the computeaishe minimal sample rate for the
velocity recording is 1 second. This leads to inaacy at the recorded velocity, spe-
cifically at lower velocities. A further limitatiors that the lowest possible measurable
velocity is 2,2 km/h. The recorded data are stanredhe BC's memory. With a sample
rate of 1 sec., 8 hours and 12 minutes can bededand be stored as up to 50 different
recordings.

The transmission of the recorded data from the @@ tomputer is done with a USB
cable and the companies own software, called Sigata Center 3.3. With the program
it is possible to import, display and edit recoradizda. Recorded data can also be ex-
ported to other programs.

The BC and the sensor can be fixed to the bicydle mbber bands. The BC is pow-
ered by a non-replaceable lithium ions accumulator.

Selected BC Data:

Actual velocity [km/h] 2,2-199,8

Possible sample rate [sec.] 1,2,5,10,20,30
Possible recording duration [h, min] 8h 12min —22@min
Power source Lithium ion accumulator
Data transmission Wireless

Table 6 Selected technical data of the BC

Incremental Angular Encoder

For controlling the stimulation timing in p-mode ancremental angular encoder
(RI32/Hengstler) is used. The encoder is conneitdde bottom bracket shaft through
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gears. It possesses three output channels, cdiathel A, B and N. Channel A and B
submitting a rectangular shaped signal with a plsageof 90° between each other. By
counting the edges of the signal the travelledengh be determined. Therefore differ-
ent possibilities are available. Counting only tising edges of e.g. channel A is called
single evaluation and provides the least anglelugsa. Counting the rising and falling

edges of channel A is called double evaluationitiddouble also the angular resolu-
tion. When the rising and falling edges of charhaind B are counted the evaluation is
called quadruple evaluation. This will provide tmghest resolution which is doubled
again, regarding the double evaluation (Figure Bvith the method of the quadruple
evaluation a resolution of 360° can be achievedhierused encoder type.

The channel N is sending one impulse with a rect@mghape every revolution and can
therefore be used as reference point.

Channel A !

Channel B

¢ o | @ = ®

9400049900000 0e

Single
evaluation

Doubie
evaluation

(uadruple
evaluation

o o & | ————

Figure 34 Possible evaluation methods of the anguleoder. Displayed are the output signals A (uppe
rectangular curve) and signal B (lower rectangolawe) and the resulting possible evaluation method
Every black dot, in horizontal direction, meanst tthe rising or falling edge is counted for evaioiat

[39].
Encoder Data:

Supply Voltage [V] 5DC

Lines per revolution 360

Max. current consumption [mA] 40

Output signal shape rectangular
Output signal amplitude [V] 5

Output signal current [mA] 30

Table 7 Selected technical data of the shaft encode
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Liquid Crystal Display (LCD)

The LCD (Hitachi/HD44780U) is used to give informoat about the stimulation proc-
ess as well as to give instructions to increaseusability of the bicycle. During the
developing process the display can also be usegiveovaluable sensory information.
The LCD is able to display up to 8 characters per Whereby a maximum of two lines
is possible. The display is illuminated to provildficient legibility even in situations
with unfavourable light conditions.

LCD Data:
Supply Voltage [V] 2,7-55DC
Lines 1-2
Characters per line 8
Possible character sizes 5x8 dots
5x10 dots

Table 8 Selected technical data of the LCD

3.4 Stimulation Concepts

For the two different drive modes, the ed-mode el p-mode different stimulation
concepts are necessary. The basic difference s tine® modes is that for each mode
different muscle groups have to be stimulated al$ agedifferent trigger timings are
required. For the ed-mode only two stimulation cteds are required and for the p-
mode all four channels are necessary. Furthernm@reed-mode stimulation concept is
easier to realise because it is only triggeredway ltmit switches. Whereas the sensory
feedback for the p-mode has to be provided by gilan encoder because the stimula-
tion has to takes place in angular regions.

34.1 Extension Drive Mode

The ed-mode is very similar to rowing movement.tid¢ start position both legs are
bent and the seat is in forward position. Then Hegs extend while the seat moves
backward. Therefore only the stimulation of the kfid the right legs MQF is neces-
sary. MQF is a muscle group positioned on the &bside of the femur and consists of
musculus vastus lateralis,musculus. vastus medmlisculus rectus femoris.

The aim of the stimulation concept is to providéuant stimulation procedure as well
as to interrupt the stimulation process when necgsslhe stimulation process is
started by pushing the stimulation trigger. Next tontroller has to check the seat posi-
tion. This is realized by observing the limit sviatactivation. If the backward limit
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switch is activated, the seat is in backward pasitirhen, the controller has to wait till
the forward limit switch is activated. If the forveblimit switch is activated, the seat is
in forward position and the legs are bent. Now ¢tbatroller is allowed to activate
stimulation channel 1 and 2 and to start the stwmmh after a short time delay. If the
stimulation trigger is still pressed, the stimudatis active till the backward limit switch
is activated. When the backward limit switch isietied the stimulation process is
stopped. Now the seat has to be moved in forwasitipn, this is achieved by pulling
with the test person’s arms. Then again the forviiand switch is activated and if the
stimulation button is still pressed the stimulatpocess starts after a small time delay.
The time delay, after reaching the forward positisnmplemented that the movement
of the legs and the upper body is completed. Gnwiaiy higher load to the knee joints,
ligaments and bones of the legs are avoided byirediing kinetic energies.

If the stimulation trigger is released, while thensilation process is active, channel 1
and 2 are stopping the stimulation immediatelythks stimulation trigger pushed again
the controller has to check the position of the.s@#en the forward limit switch was

activated before, stimulation starts again. In dhgebackward limit switch was acti-

vated before, the controller has to wait till tleeward limit switch is activated. Then

again the stimulation is allowed to start.

In case the emergency button is pressed all chdrawa to stop stimulating immedi-
ately. When the emergency button is deactivatedhargcally the stimulation trigger
can be pressed again. But the controller has totillahe forward limit switch is acti-
vated. Then again stimulation channel 1 and 2 etieaded and after a small time delay
the stimulation process starts (Figure 35).

Activation of Stop

backward limit stimulating
switch with channel
182

v

— 1

MO

Wait till
backward limit switch is
activated

Release of
stimulation
trigger

Forward limit
switch was activated
before

- NO
Deactivation .of vES T
emergency

button

YES
Stimulation

Wait till forward
limit switch is activated

Switch to T Activation of
forward limit

channel 182 i

Time Delay YES

EN

Figure 35 Flowchart, displaying the sequences asdipilities of the stimulation program for the ed-
mode.
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3.4.2 Pedalling-Mode

The movement patterns for the pedalling movemestla® same as by a usually bicy-
cle. For the start a pedal position has to be e¢hasavhich enough torque can be pro-
duced. Two potential pedal positions are availdbtethe start. The first is when the

right crank arm points upward, the second posiigoh80° shifted. Then the left crank
arm points downward. The directions left and righe defined as the drivers left and
right side while looking in driving direction. Fdhe pedalling movement MQF is

needed to produce the main driving force. Since M@t only produce driving force in

a certain angle range an addition muscle is neealethieve a rotational movement.
Therefore MBF or musculus gluteus maximus can lee ts produce additional driving

force in angle regions where MQF is not able tovgte it.

The p-mode stimulation concept has to enable a 8ne@ular movement and provide

the possibility to interrupt the stimulation prosesintended. At the beginning of the

stimulation process the pedal crank has to bee@ta60° to initialise the angular en-

coder. If then the stimulation trigger is pressed tontroller has to retrieve the crank
position and velocity. Dependent on the angle megibthe pedal crank the stimulation

starts with stimulation channel 1,2,3 or 4. If @lge stimulation starts with channel 1 as
next step the crank position and velocity havedadirieved permanently by the con-
troller. When the angle region of channel 2 is hegl it has to start with the stimulation

with a short delay. This delay is the result of tinge that is needed to activate the mus-
cles on one hand and the time the microcontrolesxds for computing on the other

hand. Therefore the pedal crank velocity was netdebefore to compensate the trav-
elled angle while the delay. This sequence is Hraesfor channel 3 and channel 4.
When channel 1 starts with the stimulation agafullarotation of the pedal crank was

performed.

In case the driver of the bicycle decides to raddghs stimulation button the stimulation
process of all channels has to stop immediatelghdftrigger is pressed again the con-
troller has to retrieve the crank position and gglo Then again, dependent on the
crank position, channel 1,2,3 or 4 starts withdtie@ulation.

If the emergency button is pressed the controlher the stimulator are powerless and
the stimulation of all channels stops immediatéfter deactivating the emergency
button the angular encoder needs to be initializgdin by rotating the pedal crank
about 360°. Then the stimulation process can bgestdy pushing the stimulator but-
ton. The controller retrieves crank position antbery and starts with fitting the stimu-

lation channel according to the angle region (Feg:B).
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3.5 Stimulation Program

The stimulation programs for the ed-mode and tineople are based on the stimulation
concepts described in 4.3. For writing, the prog(@WLAB X/Microchip) was used.
The coding language was “C”. The programming ofdbwetroller was part of a separate
diploma thesis. More detailed information as walltiae detailed program code can be
found there [1].

3.6 Calculations

To assess different drive modes and to evaluateustrials it is necessary to calculate
a parameter which can be used as comparative vaherefore the power and mean
power which are produced while driving a definest teack are calculated.

To calculate the achieved power it is necessadetermine the occurring forces which
are present while the bicycle is driving (Figure).3¥he forces, acting on a bicycle
while driving, can be split up into two groups, ttiéving forces and the bicycle resis-
tance force$ ;. The driving forces can further be differentiatetb inertia forcer;,
the drag force"p and the potential forcEp .Whereby the inertia force can further be
divided into translational inertia forcé%; and rotational inertia forcd%. The bicycle
resistance forceBzz can be differentiated into bicycle friction forcekrotating parts,
oscillation forces and forces produced by the mgllresistance. The rolling resistance
can furthermore be differentiated into flexing stance and roll-off resistance. The po-
tential force is neglected in this calculation hesmthe test trails took place on a plain
surface (Figure 38, case B). If not quoted elsecalitulations are based on basic me-
chanic knowledge [40].
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Figure 37 Diagram of forces acting on a bicyclele/driving. (Adapted from [41])
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Figure 38 Symbolic depiction of the bicycle incladidriver, the occurring forces and their effective
direction while driving. WithF, as driving forceF, as inertia forceF,, as drag forcel, as force result-
ing of the potential energy ari}; as force produced by the bicycle resistance. &fieglcture (A) dis-
plays the case when the bicycle is acceleratingdllupie middle picture (B) depicts acceleration an
plain and the right picture (C) displays the cabemthe bicycle is accelerating downhill.
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3.6.1 Calculation of the Drag For¢Ey)

For calculating the drag force the afforded workjahi is necessary to overcome the air
resistance, can be set equal to the kinetic erdrthe air mass.

FD*S=E*CW*,0*A*U2*S

By reducing “s”, the drag force can be calculatgd b
Fp =§*cw*p*A*v2
Wherebyc,, is the drag coefficient, the air density, “A” the air contact surface, “s”

the travelled path and “v” the velocity.

The unit less drag coefficiemt, has to be determined experimentally and is not con
stant. For this work the value has been sat te= 0.77. This value is suggested for
recumbent bicycles and is only valid for a frontpktream flow [41]. This condition is
fulfilled since the tests trials have been madel@sed rooms without air flow.

The air density is calculated by

p
RxT

p:

Whereby “p” is the absolute air pressure, “R” is #pecific gas constant and “T” is the
absolute temperature. The specific gas constandrfprair isR = 287.058 @+K' And

the room temperature at the test trail is kept @onsat T=293.15 K.

The absolute air pressure is calculated by thenatmnal barometric height formula

0.0065 KX«

p(R) = po « (1~ —————)*2%
T, is the reference temperature at sea lexygethe reference air pressure at sea level and
0.0065 is the temperature gradient per 100 m. €ferance values are defined by the
international standard atmosphere. And these pdeasnare set tp, = 1013.25 hPa
and toT, = 288.15 K [42].

To determine the wind contact surface “A” a frontew picture (Figure 39) has been
taken from the bicycle with driver. The picture hascontain a yardstick. First the
photo has to be cropped with a photo editing softvthat only the area of the bicycle
and the driver is left. As next step the pixel nembf the resulting picture has to be
determined. Now the yardstick is used to achiecerselation between the pixels and
the area of the picture. This area now can be takemind contact surface “A”.

The driving velocity “v” is measured with the bidgaomputer.



3 Concept, Material and Methods 55

Figure 39 Cropped picture used to determine thel wimtact surface. The picture includes a yardstick
(1) to achieve a correlation between pixel numimer surface area.

3.6.2 Calculation of the Translational Inertial €®¢F;;)

The translational inertia fordg; is calculated by
Fir =mp *a

Whereby,m, is the overall mass of the bicycle which is commbofmg as the mass
of the bicycle andnj as the mass of the driver. The variable “a” isabeeleration and
is derived from the measured velocity. This leadthe formula

Fir = (mg+mp) *a

3.6.3 Calculation of the Rotational Inertial For¢€g;)

To achieve the inertial forces of the bicycle, thements of inertia have to be calcu-
lated before. The moments of inertia which havbdaonsidered are these of the bicy-
cle wheels. For the frontal whekl and the wheel at the left rear silg, the moment
of inertia can be calculated by

792 + 172

I, = Ip; = mp *
F RL F )

Whereby,m is the mass of the wheel, is the radius from the rotation axis to the tread
andr; is the radius from the rotation axis to the insgle of the rim. The backward
wheel on the right side contains a wheel hub matbich has to be considered in the
calculation. Therefore the moment of inemtia, of the wheel on the rear right side, is
calculated by

7,2 + 1,2 5
Igr :mF*—Z + (mggp —mg) *7
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Herempyy is the mass of the right rear wheel with rim hubton and “r” is the radius
from the rotation axis to the outer side of the hab motor. The first term of the equa-
tion is the moment of inertia of the wheel with rand outer tyre, the second term is the
moment of inertia of the wheel hub motor.

The resulting moments for the front wheel and #ferear wheel, produced by the mo-
ments of inertia, are calculated by

Mip = Mg, = Ip * @
And for the right rear wheel by
Migp = Igp * @

Wherebyw is the angular acceleration of the wheels anaigeaed by calculating the
angular velocity first with

And furthermore derivate the angular veloeityvith respect to the time “t”

. 1 dv
= — % —
@ o dt
As last step the inertia force for the front whaetl the left rear wheel, at the tread, is
calculated by
MIF

Fip = Fig, = —
To

And for the right rear wheel by

The overall rotational inertia forcE, of the bicycle is compound of the front wheel
inertia forceF,g, the right rear wheel inertia forégzz and the left backward wheel in-
ertia forceFg;.

Figp = Fip + Figy, + Figg

3.6.4 Calculation of the Bicycle Resistance Foidgs)
The bicycle resistance force is compound of frictiorce of rotating parts, oscillation
force and the force produced by rolling resistdiocee (Figure 37).

Friction forces are produced in bearings of rotagarts when the bushing rubs on the
bearing ring. The thus produced friction is dimivéd by lubricant which is normally
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put between bushing and ring. Dependent on théi@ataelocity more or less lubricant
is dragged into the gap between bushing and riingreffore the rotational friction
forces are velocity dependent.

When a bicycle is moved by a driver, oscillations produced by the inertia forces of
the human body, irregularities of the surface obatances of rotating parts like the
wheels. This oscillations lead to elastic deforimagi of the bicycle. Although every
elastic deformed part is set back to its originahape, energy losses are produced
while this deformation through friction within theaterial. On this way kinetic energy
is transformed into thermal energy, which is redebisito the surrounding atmosphere.

The rolling resistance force can be divided inttor@e produced by flexing resistance

and one produced by the roll-off resistance. Teeiflg resistance is based on energy
losses while elastic deformation of the bicycleesyrWhen the tyres are deformed
within the rubber frictions happens. Again, kinegicergy is transformed into thermal

energy by friction. The roll-off resistance is bas® a breaking force produced when
the wheel is deformed [41].

Since the friction forces, the oscillation lossed #he rolling resistance force are com-
plex to calculate or determine another approach nmezslied to determine the bicycle
resistance force. Therefore a test trail was magferd the experiment took place.
Based on this trail the bicycle resistance foraelwa calculated.

Test trail to determine the Bicycle Resistance Eorc

To ensure that the measurements are usable faatbelation of the mean power, the
test trail took place on the same test track asltiveng tests will afterwards.

Test trail restrictions:

- The same wheel pressure, of 8 bar, was used ortdxith
- The driver had to sit on the bicycle.
- The test took place on an even surface

The test procedure was to accelerate the bicyck d¢ertain velocity. Then the front
wheel had to be kept in line to drive in straiglvedtion and it was not allowed to
break. The bicycle had to roll out till it stoppley its own. Thus the forces acting on the
bicycle where reduced to the translational andtimtal inertia forces, the drag force,
the potential force and the bicycle resistanceeoiithe potential force could be ne-
glected because of the even surface. Under thesditioms the inertia forces act as
driving force whereby the drag force and the bieycsistance force are retarding
forces (Figure 40).
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Figure 40 Draft of the occurring forces and théfieeive direction while the test trial to determithe
bicycle resistance force.

Since the drag force and the inertia forces arevkinohe bicycle resistance force can be
calculated by calculating the translational ineftiece

Fir =mp *a
The rotational inertia force
Figr = Fip + Figy, + Firg
And the drag force

1
FDzz*CW*p*A*UZ

With the equilibrium of forces the bicycle resistarforce is achieved
Fgr = Fir + Filr + Fp

The translational force, rotational force and di@ge are calculated on the same way
as described in 4.6.1, 4.6.2 and 4.6.3

3.6.5 Power Calculation

Power is defined as the performed work per time. Oine performed work is calculated
by
W=F=*s
This equation is only valid if the force “F’ andetldistance “s” are acting in the same
direction. Than the power is calculated by
w
P=—
t

Whereby “t” is the time for which the work is pemnfieed. These terms can be simplified
to
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Fxs
ot

The term% is the velocity “v”, by which the performed powean be calculated by

P=Fxv

To calculate the achieved power at the test titaél performed power of the drag force,
the inertia force and the bicycle resistance féwaee to be calculated by

Pp=Fp*v
Py = (Figp + Fir) *v
Pgr = Fpr * v
and summed up to the overall power P
P =Py + P, + Py

The mean poweP,, is calculated by

4 Bicycle Modifications

This chapter is about the necessary modificatidrtbe bicycle, to make it possible to
use it as a FES bicycle and to fulfil requirememesessary for people with paralysis.
The single parts and all decisions concerning ttlegign and chosen elements are ex-
plained in this chapter. For designing the mecler@lements the 3D-drawing software
“AUTOCAD Inventor 2014” was used. The calculatiohthe stress analysis where
done with “Mathcad 15” based on basic mechanic Kkedge [40]. The software
“AUTOCAD Inventor 2014” was also used for validatiof the “Mathcad 15” calcula-
tions as well as to optimize the pressure distigoufor the “End Stop Clamp” via Fi-
nite Element Method (FEM). To design the electriciatuits and produce the circuit
diagrams “EAGLE 6.5.0” was used regarding the bakgctronic knowledge [43], [44].
The technical drawings and circuit diagrams cafobad in the appendix.
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4.1 Construction of the Control Panel Mounting (OPM

As construction material aluminium was chosen tepkthe overall weight low and no
high loads have to be absorbed. To save furtheghwehe clamp bar for the control
panel was accomplished as a pipe. The control panahting (Figure 41) consists of
fife parts, four square shaped bars for fixatiortttmhandlebar, numbers (1-4), and one
pipe (5) for fixation of the control panel. To fbeathe position of the pipe grooves were
lathed at both ends that setscrews can be screwfed fixation. The clamp mechanism
on the handlebar is designed that only two screeshaeded for clamping and assem-
bling of the control panel mounting. To ensure teabugh clamp force can be pro-
duced, the diameter of the clamping surface wédfito the diameter of the handlebar
whereas the centre of the diameter, on each sids, shifted slightly towards each
other.

Figure 41 Exploded drawing of the CPM

4.2 Construction of the Crank Fixation

As construction material steel was chosen to peware stability against bending and
shear forces and since the part is small in sidees not contribute much to the overall
weight of the bicycle. The crank fixation (Figur@)4consists of a lathed bold (1), a
washer, suitable to a M4 thread (2), and a hands(3g For the washer and the hand-
screw, standard parts were used. The handscrewds of plastic with a metal bit. The
metal bit possesses a M4 thread for fixation. Emgth of the bolt is 101.5mm and the
fixation diameter 12.8mm. The dimensions were chdbat the bolt protrudes as less
as possible at the bicycle frame and that theas igss clearance, in diameter, as possi-
ble. One end has a M4 thread, for the handscreatidix. On the other side a 2.1mm
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slot was made. The slot was designed that a coynbraused to fixate the bolt while
mounting the handscrew.

Figure 42 Exploded drawing of the Crank Fixation

4.3 Construction of the Bottom Bracket Shaft (BBS)

For the BBS (Figure 43) (1), steel was chosen astoaction material to ensure a dura-
ble surface in the regions of the bearings. Theedsions were kept the same as the
original ones except the length of the square sean which the gear (2) is installed,
has been elongated about 8.5 mm. On one surfattee (fquare section a cone with a
diameter of 3 mm was drilled for the fixation oketgear with a M3 setscrew. Since the
transmitted force is very little, a M3 thread hasib drilled radial into the gear for fixa-
tion with the setscrew.

Figure 43 Exploded drawing of the BBS and the encogar
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4.4 Construction of the Limit Switch Mounting

4.4.1 Mechanical Design

An angular rail (Figure 44) (1), made of aluminiumas designed for this purpose.
Aluminium was chosen because the rail has to canty the weight of the limit
switches and the lower resulting weight of the rtaglf. The rail was mounted with the
same holes and screws, used for the sliding réitheoseat. On both ends of the rail
long slots were milled to allow the shifting of thmit switches. To fixate the switches
screws with nuts were used.

4.4.2 Electrical Design

As already mentioned for limit switches two SPST-N&troke switches
(ASQ10230/Panasonic) (2,3) (Figure 44) where uEsdry single positive connection
side of the switches is attached to the 3.3 V posugply of the controller, while both
negative poles are connected to the same grouiting: @ontroller.

4.4.3 Electrical Functional Description

In initial state the limit switches are open, ahdrefore the circuit is interrupted. In this
case, a permanent 3.3 V signal is send to the atartrWhen a limit switch is acti-
vated, the circuit is closed and therefore conmetidethe ground. Now a 0 V signal is
send to the controller.

Figure 44 Exploded drawing of the Limit Switch Mdimgy
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4.5 Limit Switch Fence

As construction material aluminium was chosen thuce the weight and since there is
no need to provide a tougher surface becauserttiesivitches tapped is made of plas-
tic. The limit switch fence (Figure 45) consistsaof aluminium bar (1) with a chamfer
on both sides. Since the space between the slichnge and the limit switches has been
only few millimetres the fence was made slim. Faation a M6 thread was tapered
into the fence, but it was not possible to driilead hole because of the slim shape of it.
Therefore, clearance holes were drilled. To colierholes on the sliding surface a thin
metal sheet (2) was glued to the fence surface.

Figure 45 Exploded drawing of the Limit Switch Fenc

4.6 Construction of the Stimulation Button CasiS§C)

4.6.1 Mechanical Design

The SBC (Figure 46) consists of a main body (2which a leaver (1) is mounted. A
spring, which can be preloaded through a setsonas,placed between the stimulation
lever and the main body of the casing, to ensuatttte lever and the stimulation button
are in contact at any time. The two parts whereneoted through a bold (3) with a
thread on one side and a slot for a screwdrivaherother side. The fixation of the cas-
ing was realised through two clamping pieces (4) The pieces where adapted to the
radius of the handle bar, while the radiuses cenfrthe clamping surfaces, of each part
was shifted towards each other. This ensures al sheétl which is necessary for the
production of the clamping force. The frontal smfethe casing was designed as a lid
(6) with three circular recesses for the fixatidnlight emitting diodes (LED). In the
main body of the casing two recesses were madeéh®nght side for connection plugs
and on the backward side one recess was madeefatithulation button. Parts of the
casing were produced by the institutes own 3D-prinA polypropylene like material
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(DurusWhite RGD430/Objet) was used because it pesvisufficient stability for this
prototype. Because of the brittleness of the matemechanically higher stressed re-
gions had to be designed with a larger wall thickne\ll edges where rounded to re-
duce the mechanical stresses in this areas. Dunatierial behaviour it was not possible
to cut threads directly into the parts for fixatidrherefore recesses in which a M3 nut
can be placed and glued where used instead fdidixa

4.6.2 Electrical Design

The stimulation switch is the central element @& tasings electrical design. A single
pole double throw (SPDT) (C&K/8121) (7) switch wighdefined activation point was
chosen. The SPDT switch has three connection taimiifwo green LEDs (8,9), with
diameters of 5 mm, indicate the end positions efdbat, one red LED (10), with a di-
ameter of 3 mm, indicates that the stimulation @ssds active. To connect the stimula-
tion switch and the LEDs with the controller a pale plug (HR10/Hirose) (11) was
used (Figure 46).

Sl g

1

2

Figure 46 Exploded drawing of the Stimulation Batt@asing

4.6.3 Electrical Functional Description

The SBC contains the mechanical switch to triggerdtimulation voluntary and three
LEDs as optical feedback. The switch has three ection terminals. One terminal of
the switch is connected directly to one of the BBV power supply pins. Another is
directly connected to an input pin of the ST aralttiird one to the ground. In the initial
state a constant 3.3 V signal is send to the Suitinfyhen the switch is activated the
circuit is shifted to the ground. This leads toigput signal of 0 V at the ST. The three
LEDs are connected separately to three differetjguts of the FB, on one side, and to
the ground on the other side. On this way everglsielectrode can be controlled by the
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FB separately. The green electrodes are activatezhwhe frontal or backward limit
switch is activated. The red LED is activated wiifle stimulation process is ongoing.

4.7 Construction of the Controller

4.7.1 Mechanical Design

The controller housing (Figure 47) consists of arts. The main body (1) with the
recesses for the connectors and fixation holesh@rcircuit board and the lid (2), for
fast access to the electrical components. On thadt side, of the main body, the re-
cesses for the stimulation trigger-, the limit £y encoder- and the stimulation output
connectors as well as the recess suitable to a &alriector, for programming the FB,
were located. On the backward the recess for theesior of the power supply and a
slot to connect a micro USB cable to the FB werglandhe casing was produced by
the institutes own 3D-printer and a polypropylenke | material (DurusWhite
RGD430/0Objet) was used.

4.7.2 Electrical Design

The electrical design of the controller casing bloaas planned outgoing from the mi-
crocontroller. As microcontroller a Fubarino Mirnl% board (FB) (1) was chosen. The
FB Mini is an Arduino compatible Application Prognening Interface (API) board with
a PIC32MX250 microcontroller. Further features ar&SB connector for power, pro-
gramming and connection to a PC and an In Circertab Programming (ICSP) con-
nector for hardware programming. The chosen bdardhe controller circuit, had the
dimension of 110x67 mm with a 2.54 mm hole grideTdontroller was chosen to be
powered directly by the battery of the stimulat8mce the battery of the stimulator
supplies a mean voltage of 12 V, but the allowauliinvoltage of the FB Mini is at
maximum 5 V, the voltage had to be reduced. Thesgf® DC/DC (Traco Power/TEL
5-1211) converter (2) was implemented. The convgmevides a constant output volt-
age of 5V by a maximum output current of 1000 n@&her reasons for choosing a
DC/DC converter, instead of decreasing the suppliage by a voltage divider, were
that the input voltage for the FB Mini would degeaegarding the charging level of
the stimulator battery and that the resistors wblgage divider would get hot since the
electrical energy is transformed into heat by maada processes. To guarantee a de-
fined input signal at the FB input pins a six-tinfesith Trigger (ST) (Texas Instru-
ments/SN74HC14N) (3) was implemented. Another nedspimplementing a ST is to
prevent the FB from being damaged through too Imglut voltage at the input pins.
Three inputs, two for the end limit switches ane dor the stimulation trigger, of the
ST were equipped with 1 resistors to limit the current flow. The otherd@rinputs
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were directly connected to the angular encoder reggtled no current limitation. To
trigger the stimulator, an on semiconductor baselogue quadruple bilateral switch
(Philips/HEF4016B) (4), was implemented. The anaéogwitch (AS) can easily be
triggered by the microcontroller with minimal powasnsumption. A further advantage
is that there is no mechanical wear due to thes@mductor technology. A 100 resis-
tor, for the red LED, and two 58 resistors, for the green LEDs, of the SBC wera-pos
tioned between the FB output pins and the wiredardb connector (WTB) leading to
the SBC. The resistors were necessary to ensurapiim®priate voltage value for the
LED’s and for current limitation. To connect thentoller board devices with the cas-
ings connectors, WTB connectors (Wurth Elektromildre used (5-9). The controller
and the angular encoder where connected with @dai-connector (Lemo) (10), the
power supply and the connection to the stimulatiggger were realized with a three-
pole and a six-pole connector (HR10/Hirose) (11,¥&)ereas the limits switches and
the stimulator were connected with a three-pole anfive-pole connector (Series
719/Binder) (13,14). To provide an interface, faogramming the microcontroller
without removing the FB board, an additional conaewas implemented (RJ11/Wurth
Elektronik) (15). All explained components arestated in Figure 48.

10\&-33%1 15 ‘14J 1-4/12

Figure 47 Controller housing with the mainFigure 48 View into the controllers inside, wittetmicro-

body (1) and the lid (2) controller (1), DC/DC converter (2), smith trigg8,
analogue switch (4), wire to board connectors (5Rigs
(10-15)
4.7.3 Electrical Functional Description

The purpose of the controller is to provide a catine between the sensors like the
angular encoder and the limit end switches, torobrihe stimulation timing and for-

ward these signals to the stimulator. A furthek tathe controller is to transform the
electrical energy from the stimulator battery aodlistribute it between the connected
devices. The FB is powered by 5 V and it is ablsupply 5 V and 3.3 V trough three
power output pins. The ST is directly powered by oh the FBs 3.3 V power supply
pins. The same output pin is connected to twdliesistors which further leading to
two inputs of the ST and to the limit end switchiBserefore, these two inputs of the ST
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receive as long a 3.3 V signal as no limit switelactivated. When a switch is activated,
this circuit is connected to the ground and noaliggmpresent at the ST input. The ST is
a special variation of a differential amplifier amdn switch between two different
states. If the input voltage of the ST is lowernttegproximately 1.35 V the input is
“low”, then the output is set to “high” which meati&t an output signal is produced. If
the input voltage is higher than 3.15 V, the iniguthigh” and the output is set to “low”
and no output signal is produced. Due to this belhathe ST is named an inverting
differential amplifier. Therefore, the ST transmats$high” signal to the input pins when
a limit end switch is activated. The FB receivas 8ignal, at one of its input pins, and
activates or deactivates, according to its progrargnan output pin which leads to the
AS. The AS is powered by the FBs 5 V power supphe task of the AS is to interrupt
or connect the control circuit of the stimulatandahereby, to stop or start the stimula-
tion. Therefore, every single switch has three teats. One input and one output pin,
for the control circuit of the stimulator, and amable input pin. If the enable input is
supplied by minimal 3.5 V the switch is in the Obhdition. This leads to a low resis-
tance between the input and output of the stimuledatrol circuit. If the enable input
is supplied with a voltage underneath 1.5 V thet@dwis turned OFF and a high resis-
tance occurs between the input and the outputeotémtroller circuit. At a low resis-
tance, at the control circuit of the stimulatore tthevice starts to stimulate. At a high
resistance it stops the stimulation. One 3.3 V supm of the FB leads to a resistor and
further to the stimulation trigger switch. From stenmulation trigger switch this conduit
leads back to one input of the ST. The circuit pratessing principle is the same as at
the limit end switches before. The only differene¢hat the signal amplitude of 3.3 V
is produced by the FB, regarding the programminthefmicrochip. Three output lines
of the angular encoder are connected to three snpus of the ST. The input signals
generated by the angular encoder show a rectanghégpe with amplitudes of 5 V,
starting by 0 V. These signals are processed osditee way, by the ST and the AS, as
the signals of the mechanical switches before. 8lmatput pins of the FB are con-
nected to separate resistors, leading to the LEDtke stimulation trigger casing. On
this way the LED’s can be controlled according® pirogramming of the FB.

4.8 Construction of the Emergency Button CasingGEB

4.8.1 Mechanical Design

The casing (Figure 49) consists of two parts, apeupplate (1) with a hole for the
emergency switch fixation and a lower housing (Bjo includes the recesses for the
connectors, leading to the controller. These twaspare connected to each other with
two vertical bolted M3 screws and one horizontdtdztb M3 screw. With the vertical
screws the casing is fixated to the handlebar @bibycle. For stability reasons the up-
per plate was made of aluminum and the lower hgusias produced by 3D printing
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out of a material similar to polypropylene (Durusk#hRGD430/Objet). All sharp
edges of the lower housing where rounded to avoets pikes in these regions which
can lead to fractures. Since the 3D printer mdtegikrittle no threads were cut into the
lower housing. Instead of threads nuts are embeitdiéd

4.8.2 Electrical Design

As switch type an emergency stop button (CE3T10RBB) (3) was chosen (Figure
49). This type was selected because of its smaledsions and the option to use it as
normally closed- and as normally open switch. Asnetor, coming from the control-
ler, a four-pole connector (HR10/Hirose) (4) wassdn. For the connection from the
EBC back to the controller a four-pole connectari& 719/Binder) (5) was selected.

|+
)

Figure 49 Exploded drawing of the EBC

4.8.3 Electrical Functional Description

In working mode the emergency switch is closed.dda terminal, of the emergency
stop button, the power supply, coming from the stator, is connected. On the other
terminal two wires are fixed, one leading backhe stimulator, the other one leads to
the controller for its power supply. A separateensonnects the ground of the stimula-
tor directly to the ground of the controller. Ifwadhe emergency button is activated the
switch opens the circuit and thus the stimulatal #u@ controller are powerless.
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4.9 Construction of the Pedal End Stop (PES)

The PES (Figure 50) consists of fife elements. iitaén element is a bar (1) with the
dimensions 262x30x7 mm, made of steel. The bamhasle for fixation to the pedals
and a long slot, in its middle, for sliding the estdp in it. The end stop (2) itself has a
cylindrical shape with a radial groove on one sidd a thread on the other side. On the
same side as the thread, a groove for an open-egriclv with a rim with of 15mm is
milled. Steel was used as construction materialiferend stop. In the radial groove two
rubber seals (3,4) are fixated to ensure a dampethct, to avoid damages to the pedal
crank and for noise reduction, between the end atojthe pedal crank. The end stop is
mounted to the bar by a pilot pin (5), made of Istegh a M4 thread on one side. This
design makes is possible to station the end staditting position.

Figure 50 Exploded drawing of the PES

4.10 Construction of the End Stop Clamp (ESC)

4.10.1 Mechanical Design

The ESC (Figure 51) consists of a horizontal beBnwith a M5 thread on one side
and a M6 thread on the other side. Guideways wdtedwn both front sides for fixa-
tion of the vertical beams. The horizontal beammagle of steel to avoid high deforma-
tions especially at the small cross sections ofjtideways. Two vertical beams (2,3),
made of aluminium, are attached to the horizorgahi. On both vertical beams on one
end a guideway, fitting to the horizontal beamslguiay, was milled. On the same side
holes were drilled for fixation to the horizontadm. On the opposite side of both ver-
tical beams a socket was milled. The socket is asegliideway and for fixation of the
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clamping jaws. The thread in the middle of the sakis used to adjust the distance be-
tween the two clamping jaws by a M8 setscrew. Ahiom was used to reduce the
overall weight of the ESC. This was possible beeaighe smaller length of the verti-
cal beams and therefore a lower resulting bendiaghemt. The vertical beams are
mounted with a screw to the horizontal beam onsitke and a quick release
(Elesa+Ganter/GN927.3) (8) on the other side. Tamging jaws (4,5) were made of
aluminium to avoid damages at the guide rails seaaf too high contact pressures. The
clamping jaws were fixed to the vertical beams witb M2,5 screws in a way that a
movement toward each other is possible when adjustehe M8 setscrew. The rubber
buffers (9,10) are fixed to spacers (6,7) Whichfarthermore mounted to the vertical
beams with setscrews. The clamping jaws lengthextended so that tilting torques
can be absorbed. After calculating the deflectibthe beams FEM was used to control
the calculations results. Also the stress distidouand the contact pressure, between
the clamping jaws and the guide rails, have bemulsited and optimized by FEM.

Figure 51 Exploited drawing of the ESC

4.10.2 Finite Element Analysis (FEM)

The Finite Element Analysis was performed in twpasate steps. In the first step only
the horizontal beam and in the second step theenyatem, except the rubber buffers,
were analyzed.

4.10.2.1 FEM Analysis of the Horizontal Beam
To control the calculated deflection of the horitadrbeam an analysis of the single
beam was realized.
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Mesh

As general mesh preferences the default valugsegptogram were chosen. They were
for the average element size 0.1, for the minimleament size 0.2. For the grading fac-

tor 1.5 and for the maximum turning angle 60°. Berage element size specifies the
element size relative to the model size. The mimmalement size allows an automati-

cally net refinement and is related to the avergment size. The grading factor con-
trols the transition from a larger net element &naaller one. The factor 1.5 e.g. limits

an element edge length to 1.5 the length of a adjaglement. The maximum turning

angle affects the number of elements on curvedisesf smaller angles result in more
elements [45]. At the guideways, where higher seesvere suspected, a local mesh
with a constant element size of 0.5 mm was chosguie 52).

Constraints

The constraints “fixed” were applied on the surka¢&) (Figure 52). If an element is
fixed, all its degrees of freedom are removed ai&limpossible to deform the element
[44]. Although this does not coincide with the redliation and would therefore lead to
altered results in the middle of the beam, thigty@as chosen since the section between
the two surfaces (A) was designed with sufficigabgity. A development calculation
of this section resulted in a deflection of 0.11h rat the middle of the beam. Therefore
it is not of interest for this investigation. Thections of interest where the guide rails
which can be considered as cantilever beams. Amdthfs purpose, the chosen con-
strains where applicable.

Loads

As loads, forces where applied on the bottom sarf#ceach cantilever beam perpen-

dicular to the surface (Figure 52). Force magnisuafe4360 N, the same values as used
for the calculation, were chosen. The same magaitsals applied on each cantilever

beam since a consistent force distribution wasmassdu

Figure 52 Picture of the applied mesh, positiotheffixed surfaces (A) and the applied loads (yello
arrows)
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Results

The result of the analysis showed a maximal digpfent of 0.1232 mm at the outer
end of the cantilever beams, in vertical direct{@ncoordinate) (Figure 53). But this
maximum value is not meaningful because it reptssenly very small deformation
areas at the force application site. At none deéufrareas the displacement was about
0.08 mm. The control calculation resulted in a ispment of 0.022 mm. Although
these results differ quantitatively, this differens only small in magnitude and allows
therefore a qualitative conclusion. Therefore thesen cross section and material, as
described in 4.10.1, were classified as sufficeemt used for production of the horizon-
tal beam.

Type: Z Displacerrern i

[ = Displacement : B,0855 mm 1
-

Figure 53 Analysis results of the horizontal beamvertical direction (Z-coordinate)

4.10.2 FEM Analysis of the Clamping Jaws

Model Variations

The aim of the analysis was to decide between tegigd variations of the clamping
jaws to reduce the local contact pressure betwkenping jaws and guide rails. There-
fore, one clamping jaw with a rectangular shapguyfé 54) was designed and a second
version with a 0.5° chamfer (Figure 55) the contacfaces.

0,5°

[ [ SR

Figure 54 Picture of the rectangular version of one figyre 55 Picture of one clamping jaw version
clamping jaw with 0.5° chamfe
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Mesh

For the analysis of the clamp jaws the whole moebat/uding the rubber buffer and the
quick release, of the ESC was used. For the haakbeam, the same mesh preferences
as described at 4.10.2.1 where applied. For ther giharts, the default preferences for
the element sizes and the grading factor, as destat 4.10.2.1, where used (Figure
56).

Knoten: 139303
Elemente 81014

Figure 56 Depiction of the mesh applied to the ESiel.

Constraints and Contact Conditions

Fixed constraints were placed on surface (Figu)g/Ayof the guide rail dummies (1),
which were designed for this analysis. Since fer dptimization of the clamping jaws
the whole model of the ESC was used, also contamtlitons needed to be defined.
Between the clamping surface of the clamping jand the inner surface (B) of the
guide rail dummies the contact condition “sliding&eparation” was applied. This con-
dition allows a relative movement between the el@seéout prohibits separation. At the
surfaces on the upper and lower side of the clagnjaws (C), which are in contact with
the guide rails, the contact condition “Separatiar@s used. This contact type allows
separation between parts, but prohibits penetra#anthe inner surfaces (D) of the
clamping jaws, which are in contact with the vetibeams, also the contact type
“Separation” was applied. Between the spacers hed/¢rtical beams (E) the contact
type “Separation” was used. On the side where thizdntal beam is fixed to the verti-
cal beam with a screw, the contact condition “Balideas applied to the surfaces (F).
On the other side, where the quick release syssemsed the contact condition “Sepa-
rated” was used between the surfaces (G). The wondibonded” simulates rigid
bonding between surfaces [45]. At the surfacesb@tiveen the horizontal and the ver-
tical beam the condition “separated” was used arldeasurfaces (1) “Sliding/No Sepa-
ration” was applied.
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Figure 57 Depiction of the ESC surfaces and thgpliad contact conditions and constraints. The sur-
faces “H”, only depicted on the left picture arsaValid for the right picture. The surfaces “Ihlp de-
picted on the right picture are also valid for kb picture.

Loads

Since it was not possible to apply friction betwdke surfaces of the clamping jaws
and the guide rails, forces F1 where applied tactAmping surfaces oriented parallel to
the surfaces. The magnitude of the forces was 4Q@¥#INelement. To simulate the im-
pact of the seat, forces F2 with the magnitudeO®ION and an opposite direction as the
forces F1 were applied to the spacers on which albynthe rubber buffers are
mounted. The quick release was simulated by twoeF3 and F4 acting on the outer
surface of the vertical beam and the fixation ttrisa the quick release on the horizon-
tal beam. The magnitude of both forces is 8000N their orientation is opposed
(Figure 58).

F3
| y
s F2

F1

Figure 58 ESC model with applied forces (yellowoars). F3 and F4 represent the clamping force. F1
represents the adhering force and F2 the impact fof the seat with driver
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Results

Figure 59 displays a section of the seat guideimailiding a clamping jaw of the ESC.
In the following pictures the clamping jaw is hieadéo allow observing the contact
pressure distribution between clamping jaw and guigl. The version with a 0.5°
chamfer (Figure 61) showed a more distributed airpaessure in comparison to the
rectangular version (Figure 60) and leads only stight tilting of the ESC. By evaluat-
ing the two different designs, it has also to besidered that elastic deformations are
not taken into account in a FEM analysis. In thre system the regions with high con-
tact pressures, displayed as red areas in Figuem@G@-igure 61, will be attenuated and
the pressure will be more distributed. As resultha$ simulation, the design with the
0.5° chamfer was chosen for production.

Figure 59 Picture of a guide rail section with ctang jaw.
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Typ: Von Mises-Spannung

Eirbeit: MPa

06.11.2014, 15:10:49
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Figure 60 Guide rail section without clamping jaWhe clamping jaw was hidden to display the contact
pressure distribution of the rectangular clampang yersion.

Typ: Von Mises-Spannung

Eirbeit: MPa

06.11.2014, 15:09:52
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Figure 61 Guide rail section without clamping jaWhe clamping jaw was hidden to display the contact
pressure distribution of the clamping jaw versidthva 0.5° chamfer
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4.11 Construction of the Battery Clamp (BC)

The fixation mechanism (Figure 62) has a hook $kape and consists of two parts. A
cylinder (2), made of aluminium, for fixation toettstimulator housing and as fixation
for the clamping hook. And the clamp hook (1), mafisteel, for fixation of the bat-
tery. On the straight side of the hook a hole i8ed, for fixation to the cylinder. The
cylinder is produced hollow. On one side therehi®aded a M8 thread, on the other
side the inner radius is widened relative to thee atrilling. This is made because the
stimulator housing possesses cylindrical trunniwhere the cylinder can be placed and
fixated to. First the cylinder is bolted with M3rews, to the stimulator housing, than
the hook is bolted with M8 screws to the cylindBro of such clamps where used for
fixation.

Figure 62 Exploded drawing of the BC

4.12 Construction of the Chain Tensioner AdaptarALC

The CTA (Figure 63) consists of three elementsixation pin (1) made of steel, with a
round cap as end stop and a square guide to pragairist rotation on one side and a
radial drilled hole on the other side. A hollowioger (2) made of aluminium, which
serves as distance piece and as connection betivedwo other parts. Further, a plate
(3) also made of aluminium, on which the chain immar is mounted. It has three holes
with a diameter of 3.5 mm, which serve as end &bopgthe chain tensioner. The holes
are placed on the same radius, but shifted by gle afi 23° that the chain tensioner can
be rotated and therefore the preload can be chafigedfixation pin is put through the
bicycle frame while the cylinder is put on the pimd is fixed with a M4 set screw. The
plate is mounted with a M6 screw to the cylindeilevthe chain tensioner is fixed di-
rectly to the plate.
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Figure 63 Exploded drawing of the CTA

5 Development Accompanying Function Tests

The development accompanying function tests wemrgomeed in cooperation with
Christoph Kast [1].

51 Investigation of the Bicycle Resistance FoORRK)

As described in chapter 3.6 the BRF is composeth®frolling resistance, resistance
produced by oscillation forces and the frictiorratating parts. Since most of this resis-
tance forces are hard to determine an approaatctsa the overall BRF was needed.

51.1 Measurement of the BRF

The BRF can theoretically be measured while thgdbécmoves with constant velocity

on an even surface, at an area without air moveriendllow neglecting the drag force
the measurement has to be performed at a veldoiy enough that the drag force has
almost no influence on the BRF. If this requirenseaute fulfilled the only forces acting

on the bicycle are the driving force and the BRig(Fe 64).
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Driving direction

FBrR For
B — Bicycle + Driver e

Figure 64 Sketch of the forces acting on the biyfclhe potential force, the inertia force and dnag
force are neglected. Then the only forces actintherbicycle are the driving fordg; and the BRF .

5.1.2 Measurement of the BRF - Test Setup and Gaicns

The test trial took place in a workshop room of @enter for Medical Physics and Bi-
omedical Engineering. Therefore the area is windldad and the surface on which the
trial was performed was even. The driving force wesduced by a lathe. Therefore a
round-bar, with a diameter of 50 mm, made of steels clamped in the three-jaw
chuck. A metal wire was fixed to the round-bar o gide. On the other side the wire
was fixed to a spring scale. The spring scale vwasl fdirectly to the bicycle.

The lathe velocity was set to 50 revolutions penute. Therefore the resulting drive
velocity for the bicycle can be calculated by

V=wWH*xr
With w as angular velocity and “r” as radius of the rounad
The angular velocity can further be expressed as
W=2*T*Nn
With “n” as revolutions per minute
Which further leads to the formula for the drivimglocity of the bicycle
V=2*xT*nx*r

To control if the influence of the drag force canrieglected, it can be calculated by
Fp =§*cw*p*A*v2

The formula for the drag forcg, and the used variables are given in 3.6.1. Theegal
used at the test trial were:

cw=0,77,0=1,17 Pa, A=0,48 m2, n=50 1/min, r=0,025 m



5 Development Accompanying Function Tests 80

The resulting drag force is
Fp, = 0,0036 N

The calculation result confirms that the drag foce@ be neglected for determine the
BEF.

Conclusion

With this method it was not possible to accessBR& because it was impossible to
achieve a constant driving velocity of the bicyclée system showed high oscillation
potential and therefore it was not possible to se@constant value at the spring scale.
As next step the spring scale was replaces byeatrehic spring scale to eliminate the
elastic properties of the spring. But even with éhectronic version the system showed
too much oscillation potential and it was not pbkesio achieve a constant force. The
main oscillation potential was produced by the ineiee which was used as connec-
tion between the spring scale and the lathe. $@stdecided to look for another possi-
bility to access the drag force.

5.1.3 Calculation of the BRF

Another approach to determine the BRF is to catmgdat. As mentioned above, if the

potential energy, acceleration forces and additiamad forces can be neglected, only
inertial forces, the BRF and the drag force aréngdo the bicycle. The inertia forces

and the drag force are known and therefore the &®Foe calculated. This method was
used for this investigation. Further details andlaxations are given in chapter 3.6.4.

52 Extension Drive Mode-Function Test

A function tests was performed, to assess the ifumatity of the controller program as
well as the mechanical and the electrical devi¢esachieve a meaningful test trial the
same protocol which was intended to be used foffittad test trial with a test person
was used. The protocol template can be found impipendix.
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5.2.1 Test Preparations

Following data were collected by using the protdeahplate.

Subject data:

Weight: 76 kg
Age: 37 Years
Sex: male
Kind of injury: healthy
Injury since: /

FES training since: /

Test trail conditions:

Slope: 0°

Trail surface:

Wind condition:

Electrodes:
Electrode type:
Electrode size:

Conductive material:

smooth/plastic coating

no wind

self-adhesive electrodes
80x130mm

adhesive gel

Assessment of the wind contact area:

A picture (Figure 39) was taken to assess the wordact surface by means of a photo
editing software.

Resulting wind contact surface: 0,48m?2

Bicycle Adjustments

For the ed-mode the pedal cranks were orientatédeirsame direction. Therefore one
crank was dismantled and mounted again rotatedt&l®0f. To provide a stable plat-
form for the feed both pedals were fixated with ¢chenk fixation bolt. The test person’s
legs were fixated to the orthesis, mounted to theéafs, with Velcro belts. The short
driving chain, which connects the driving gear wiitle middle gear, was removed. The
seat was clamped to the longer driving chain withdlamping lever, positioned on the
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right side underneath the seat. To enable thetgesditle along the guide rails, the fixa-
tion bolt was released. To prevent the knees dingehyperextended the ESC was ad-
justed that the seat stops when the knee arrivass ahgle of approximately 60° (Figure
65). The PES was adjusted subsequently accorditiptBSC position and the resulting
knee angle.

Figure 65 Adjusted knee angle in end position.

Sensors Application

The limit switches, which are needed to registerfirward and the backward position
of the seat, are fixed to the bicycle. The limittstv output cable was connected to the
controller. The BC was fixed to the handle bar. Bpeed sensor of the bicycle com-
puter was fixed to the bicycle fork. Two magnetseveounted to the spokes of the
frontal rim for speed detection. The velocity sensfathe BC is fixed at the bicycle fork
with only little clearance to the magnets. Eachetimmagnet passes the BCs velocity
sensor triggers a signal. The magnets were posdiopposite each other. This leads to
a theoretically bisection of the wheel circumfere@nd therefore to a better detection
of lower velocities.

Electrode Application

For the ed-mode two channels are necessary tolatenthe MQF. Therefore, on both
legs, one electrode was placed anterior on the rfefrem proximal from the patella.
The second electrode was also placed anterior @ffiethur 27 cm proximal from the
patella (Figure 66). As electrodes self adhesivestgetrodes were used. The electrode
cables were connected to the stimulator and tcelbetrodes. To avoid the cables of
getting caught they were fixed to the driver, bithvenough length to allow the seat to
move forward and backward.
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Figure 66 Position of the stimulation electrodegtmleft femur. On the right femur the same positi
was chosen.

Controller Program

Before starting the stimulation the ed-mode stimoitaprogram was stored on the con-
troller’s microchip. A function test was performedassure a proper performance.

Stimulator Settings

Only channel 1 and 2 were activated. Channel 34anegre deactivated and for safety
reasons the potentiometer were reduced to minimigdutd for these channels. For the
first trial the potentiometers of channel 1 and &avadjusted to a quarter of the maxi-
mum possible adjustable amplitude. The resultingage at this setting was 17 V for
both channels. From there the amplitude was raigetb 25 V for the final trial. The
stimulation frequency was set to 32 Hz for eveigl.tr
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5.2.2 Documentation of the Test Setup:

Seat fence position: rearmost position
Knee angle in rear position: 120°

Knee angle in forward position: 63°

Electrode position (from Patella end to electrodiset): proximal = 40mm

proximal = 270mm

Adjusted stimulator amplitude: triall = 22V

trial2 = 25V
Stimulation signal shape biphasic
Adjusted stimulator frequency: 32Hz
Adjusted pulse width: 1ms (both phases)
Adjusted pulse pause: 31ms

523 Test Data

Data to Determine the BRF

To calculate the BRF test trials were performecde plocedure was the same for every
trial. First the recording of the bicycle computesis started and then the bicycle was
accelerated with the implemented electrical englha constant velocity was achieved.
At a defined mark at the ground the engine wasetliroff and the bicycle was driven
only by inertia forces. It was not allowed to breaksteer till the bicycle stopped by
itself. Then the recording of the bicycle compwteis stopped.
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Figure 67 Velocity of the first test trial. The réde depicts the original recorded velocity wherdlae
blue line was smoothed
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Figure 68 Acceleration of the first test trial adlted on the basis of the recorded velocity. Tdeeline
depicts the acceleration based on the originalrdeszbdata whereas the blue line represents théeaace
tion based on the smoothed velocity.
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Figure 69 Velocity of the second test trial. Thd liee depicts the original recorded velocity wteesr¢he
blue line was smoothed.
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Figure 70 Acceleration of the second test triataldted on the basis of the recorded velocity. et
line depicts the acceleration based on the origeabrded data whereas the blue line representacthe
celeration based on the smoothed velocity.
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Figure 71 Velocity of the third test trial. The réde depicts the original recorded velocity wherdiae
blue line was smoothed.
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Figure 72 Acceleration of the third test trial adfted on the basis of the recorded velocity. Tdteline
depicts the acceleration based on the originalrdeszbdata whereas the blue line represents théeaace
tion based on the smoothed velocity.
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Test Trial Data

For the test trial a route was defined by choosingtart-mark and an end-mark. The
bicycle was positioned at the start-mark and theedralso was told to take start posi-
tion. Before starting the test trial the recordiwigthe bicycle computer was initiated.

Then the driver was allowed to start the stimulaaod to accelerate till the end-mark is
arrived. The driver was told to accelerate as magpossible. When the end-mark was

arrived the driver had to brake till the bicyclet. Coincident with stopping the bicy-
cle the recording ended.

Three acceleration test trials were performed,aitex another, without breaks between
each trial. The recorded data can be found at Eig8r- Figure 78.
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Figure 73 Recorded velocity of the first test tiraependence of the driven time.
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Figure 74 Resulting acceleration of the first teisd in dependence of the driven time.
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Figure 75 Recorded velocity of the second tedtittidependence of the driven time.
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Figure 76 Resulting acceleration of the secondttiedtin dependence of the driven time.
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Figure 77 Recorded velocity of the third test timatlependence of the driven time.
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Figure 78 Resulting acceleration of the third taat in dependence of the driven time.
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5.2.4 Test Results

BRF Results
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Figure 79 Diagram of the BRF in dependence of therd) velocity. The red line depicted the BRF of
the first test trial, the blue line of the secoastttrial and the green line depicts the third.tria

All three test trials were performed under the samaditions as described in chapter
5.2.3 and resulted in a mean BRF of

BRF=5.8 [N]
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Test Trial Results

For every single trial the resulting forces, thevpo which was achieved as well as the
mean power were computed and are displayed atd-Bfur Figure 85.
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Figure 80 Diagram of the forces acting to the bieyehile accelerating in dependence of the drivere t
displayed for the first test trial.
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Figure 81 Diagram of the achieved power, depictedlae bars, and the mean power, depicted as red
line, in dependence of the driven time. Both preeesre displayed for the first trial.
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Figure 82 Diagram of the forces acting to the bieyehile accelerating in dependence of the drivere t
displayed for the second test trial.
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Figure 83 Diagram of the achieved power, depictedlae bars, and the mean power, depicted as red
line, in dependence of the driven time. Both preessare displayed for the second trial.
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Figure 84 Diagram of the forces acting to the bieyehile accelerating in dependence of the drivere t
displayed for the third test trial.
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Figure 85 Diagram of the achieved power, depictedlae bars, and the mean power, depicted as red
line, in dependence of the driven time. Both preessare displayed for the third trial.

The achieved mean power was:

P1=26 [W] for the first trial
P2=17.7 [W] for the second trial
P3=15 [W] for the third trial
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5.2.5 Assessment of the Designed Bicycle Components

As part of the function test also the designed aomepts were assessed regarding their
functionality. Also future improvements which cae dione are mentioned.

Crank Fixation

As intended the crank fixation is easy to use aad lse mounted in approximately 30
seconds. The chosen diameter is large enough hstantd the loads produced while the
extension movement.

It would be an improvement to drill some additiofimhtion holes for the crank fixation
into the chain guide of the pedal crank. This waulake it possible to adjust the pedal
position in smaller steps. Furthermore this wouwddd to an improved usage of the
available guide rail length in combination with tsigace underneath the handle bar for
different body heights.

Pedal End Stop

The Pedal End Stop was intended to avoid hypersiterof the knees. When it is ad-
justed correct it fulfils this requirement. Whileet test trials it was observed that it is
important to adjust the ESC first taking into aatibthat the knee is not already ex-
tended. Then PES can be adjusted. This order isrtant to follow because when the
PES is adjusted first it can happen that it bldties seat movement before the ESC is
reached. This would lead furthermore to high loatshe tibia and the fibula of both
legs. Particular in case of persons with parapldgsacan lead to bone fractures.

Steel was chosen as construction material for tB€.BNhile the test trials it was ob-
served that this was not necessary and that itdvoelbetter to use aluminium to save
weight instead. Another improvement would be toussdthe diameter of the fence it-
self and to implement a fixation mechanism whichdseno tools.

Limit Switch Mounting and Fence

The Limit Switch Mounting and the Limit Switch Fendid operate as intended without
incidence. Furthermore it is possible to adjustlitiné switch position to different body
heights in a few minutes.

To improve the usability when adjusting the limitikhes a quick release would be
more comfortable than the now used fixation bywaad nut.

End Stop Clamp

The ESC has to be adjusted when the used range sfitling rails needs to be adapted
to the body height. This can easily be done by wyethe quick release. When fixated,
the ESC has a good clamping behaviour and doeshawtge position. The design is
stable enough to withstand the occurring loadsautlshowing plastic or larger elastic
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deformations. As demanded the ESC does not dantegesliding rails when it is
clamped to it.

Due to the little clearance, between the clampawgsjand the guiding rail, the ESC is
sometimes hard to slide, without loosening the kjuétease further than only open the
clamping lever. This could be improved by incregdime clearance. But this should be
done in small steps because too much clearancedvieadi to rotational movement of
the ESC. A further improvement would be to redues d@verall weight of the ESC by
optimizing the profile of the horizontal and vedideams as well as the guidance of the
horizontal beam.

Battery Clamp

The battery clamp is able to keep the battery isitigm while the test trials. Whereas
the BC would properly not be able to fixate thetdrgtunder extreme conditions like in
case that the stimulator would drop to the ground.

To avoid destructive changes to the stimulator imgualready available fixation holes
were used. This fixation holes only consist of ptakke the stimulator housing and are
a weak fixation possibility. To achieve a more fdtxation, destructive changes to the
stimulator housing would be necessary.

Control Panel Mounting

The CPM fulfils all criteria which were claimed. &trclamping to the handle bar is
strong enough to avoid sliding. The position issgrowell so that the CPM does not
interfere.

At the moment there is no need to recommend anygesato the CPM.

Controller

While the function test phase the controller didrkvavithout any malfunctions. The
design is small enough to place the controller umeggth the stimulator. Also the con-
nectors for the cables are placed well and enabt®d usability.

The controller housing is produced by 3D printiftghas shown that the thin walls of
the housing, especially of the housing lid, arenprto deformation. Therefore it would
be necessary to reinforce the walls with stifferahgments.

Stimulator Button Casing

The SBC did work as intended without any malfuntiolThe used button, to trigger the
stimulation, had the demanded pressure point. iifade it possible to obvious feel

when stimulation impulses are triggered. The statioh lever showed a good accessi-
bility and the implemented LEDs were a supportivdicator if the seat reliable reaches
the limit switches and if the stimulation procesactive.
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When adjusting the bicycle to the driver it hadéotaken care if there is enough clear-
ance between the driver’s knee and the SBC in watuens. A further task could be to
search for positions of the SBC where this colligp@ssibility is minimized.

Emergency Button Casing

It was not necessary to use the emergency buttdle tie test trials because no mal-
functions did occur. Nevertheless the emergenciobuwas used several times to test
its reliability. As intended the system was shutvdommediately. It was found that the
chosen position in the middle of the handle bar plased well and that it is quick to
reach. Also the clamping fixation did work well ahohdered the EBC from sliding or
tilting.

At this moment there is no need to give any impnoeet recommendations concerning
the EBC.

5.3 Pedalling Mode — Function Test

531 Test Preparations

Like for the ed-mode a function test, to assessfuhetionality of the controller pro-
gram and the designed mechanical- and electricatelgs was performed. For the p-
mode two different tests were made. The first @uk tplace on a test device and the
second one took place on the test track.

For both tests the same test person who took p#éneaed-mode tests was performing
the p-mode tests. Therefore the personal datae&ound in chapter 5.2.1.

Bicycle Adjustments

For the pedalling movement the pedal cranks netulé& mounted in a position 180°
shifted to each other. The crank fixation bolt washoved to allow the cranks to spin.
The short frontal drive chain was mounted to prevédconnection to the drive wheel.
The clamping device which fixates the seat to tmgldrive chain was loosened. The
seat was placed and fixated in a position wheredtiheer is able to sit comfortable

without hyperextending his knees (Figure 86). Tégslwere fixated to the orthesis by
belts.
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Figure 86 Adjusted seat position for the p-modee Pitture shows a bend knee in the position where t
leg is stretched most to avoid hyperextension.

Sensors Application

The incremental angular encoder which is needethtop-mode is fixed to the bicycle.
The output cable, of the encoder, was connectéaetgontroller. The bicycle computer
was fixed to the handle bar. Two magnets were neabttt the spokes of the frontal rim
for speed detection. The velocity sensor of thei8fixed at the bicycle fork with only
little clearance to the magnets. Each time a magasses the BCs velocity sensor trig-
gers a signal. The magnets were positioned toweadis other. This leads to a theoreti-
cally bisection of the wheel circumference and ef@e to a better detection of lower
velocities.

Electrode Application

As already mentined for the p-mode four channetsnacessary to stimulate the MQF
and MBF. For the stimulation of the MBF on bothdegne electrode was placed ante-
rior on the femur 4 cm proximal from the patelldaeTsecond electrode was also placed
anterior on the femur 27 cm proximal from the gdatelo stimulate the MBF the elec-
trode positions were chosen according to the begicla activation response while
stimulation. The position can be found at Figure 87
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Figure 87 Position of the dorsal femural surfaeetbdes used to activate the BF muscle group

Controller Program

Before starting the stimulation the p-mode stimatapprogram was stored on the con-
troller’s microchip. A function test was performedassure a proper performance.

5.3.2 Test device — Function Test

The test device is a frame made of steel on whielbicycle can be placed with the rear
part of the bicycle frame. When placed on the debiath backward wheels are without
ground contact. Furthermore the bicycle is not &bl@ove in any direction.

The test, on the test device, was performed tosagbe angular stimulation regions on
which the muscle groups have to be stimulated. &fbez the test person did pedal vol-
untarily first and the muscle activations which aexessary to achieve the movement
were observed optically by the test administraidven the observed regions were used
as basic angular stimulation regions. Following tbgions were adapted regarding to
the test person’s feedback to achieve a pedalliogement.

The stimulation regions depicted in Figure 88 wiexend to produce the best results.
But even there the best result which could be aekiavas about two full revolutions
before the movement stopped. The reason for thhaweur was that it is not possible
to produce a positive driving moment for a wholeotation when only the QF and the
BF muscle groups are stimulated. At the transitegion between BF and QF occurs a
gap without driving moment. The observed two retiohs could only be produced at
high stimulation amplitudes and resulting high d&@dions of the legs. In this case the
force produced by the acceleration and the momkimeatia of the legs and the pedal
cranks was sufficient enough to bridge the gap.tBethigh velocities lead to a highly
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imbalanced movement which furthermore lead to tbpmng of the pedalling move-
ment.

To increase the moment of inertia a weight, witass of 3 kg, was placed on each
pedal. With this additional, in total 6 kg, it wpessible to produce a pedalling move-
ment as long as the stimulation was active. Alsodifimulation amplitude could be re-
duced which lead to a more balanced movement.

5.33 Test Track — Function Test

The same setup, which was determined at the testedbefore, was used at the test
track. But with this setup it was not possible thiave a full revolution neither from
resting position nor from an already driving coratit The reason therefore is that only
low braking forces occur on the test device. THas&ing forces are produced by the
mass inertia of the legs, the pedal cranks andtikéng wheel on one hand and by fric-
tion forces, of the drive train and the wheel begon the other hand. Therefore only
short activation regions were necessary to proguéicient driving force. On the test
track much higher additional forces act to the blieyproduced by the rolling resistance
and mass inertia of the bicycle. Therefore the kmgstimulation regions had to be
adapted to broader stimulation regions (Figure B8yas also necessary to remove the
additional added 6 kg weight because of the brakiognent they produce. At the test
track this braking moment has more influence ttendriving moment produced by it.

B

270° 270°

Figure 88 Angular stimulation regions with the bestults to produce a pedal movement. Picture A
represents the determined angular stimulation resgad the test device. Picture B displays the regio
determined at the test track. The stimulated mug@aps are RQ = quadriceps femoris of the rigit le
RB = biceps femoris of the right leg, LQ = quadpsdemoris of the left leg and LB = biceps femarfis
the left leg. (adapted from [1])

But even by adapting the stimulation regions it wat possible to achieve a pedalling
movement, neither from standing nor from alreadying condition. This was due to
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the driving moment gap in the region between MQHE BMBF on one hand and the
weak produced force by MBF on the other hand.

5.3.4 Assessment of the Designed Bicycle Components

Chain Tensioner (CT)

The CT was able to keep the chain in line and predwsufficient preload to avoid a
loss of the driving chain.

A further improvement would be to use steel as tangon material instead of alumin-
ium for the adapter to guarantee more stabilitysoAthe clearance between the CT and
the pedal should be increased by slightly removienah from the pedal. This was not
possible in this work because of the requirements.

6 Conclusion and Outlook

Modifications were realised to enable the recumibaicle to be used for an investiga-

tion of FES-cycling with persons suffering of flatgaraplegia. As demanded this

modifications were done non destructive which afloiw remove all added devices

without residues. The modifications included meateparts and devices which were

necessary to enable the required functionality o flvtand and to increase the safety on
the other hand. Electrical devices were designestee as link between the stimulator,

the bicycle and the test person as well as to geovhe necessary electrical safety
measures.

Tests with healthy persons were performed for thenede and the p-mode to assess
the modifications and the functionality of the lstsyin general. The function test of the
ed-mode could be accomplished successfully. It passible to drive with the bicycle
as intended without any support sole by electrstmhulation. The designed parts and
elements did perform as intended. Concerning tiggnal design it was observed that
the chain clamping device, which links the seath® driving chain, does not work
properly. When high driving forces were producesbinetimes happened that the chain
did slide and produce cracking sounds. Also thelaue of the seat was found to be
designed incorrect because both bearing sideseargrebd as solid bearing. This lead to
the destruction of one bearing while the test phase

The p-mode test could not be accomplished sucdbsdtuvas not possible to achieve
a pedalling movement while driving neither fromnsteng position nor from already
driving position. This was not possible becausa lafck of driving torque in the angular
region between MBF and MQF. But it was possibleac¢bieve a pedalling movement
when the load was reduced at the driving wheeladitional weight was fixed to the
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pedals. But like before at the ed-mode test thegded components could be tested and
did work as intended.

A further task is to enable the p-mode. Therefbeegdroblem of the driving torque gap
has to be solved. In FES-bicycles without gear thisccan easily be done by removing
the freewheel and therefore fix the driving chairtite driving wheel. This is no option
in this case since the bicycle needs a free witeehtible the ED-mode. Therefore one
possibility would be to fix a flywheel with suffient moment of inertia to the pedal
cranks. This moment of inertia would produce thesgimg driving torque in the gap
between MBF and MQF. The advantage of this prolghd that it does not need any
controlling, power supply or additional supply d=s. The disadvantages are that due
to the needed mass the resulting dimensions ofiyivaeel would it make critical to
implement. Furthermore it would increase the biegabverall mass. Another disadvan-
tage would be that the increased mass also leads iacreased moment of inertial
when accelerating the bicycle. This would resulioiftnigh resistances especially in case
of starting from standing position and when drivinghill. Another possibility is to link
the driving gear with an electrical engine. Thigjiee would produce the needed driv-
ing torque. One possibility would be to produceoastant driving torque with the en-
gine high enough to overcome the resistance atritimg torque gap. Another possibil-
ity is to control the electric engine and to adiva only in the gap region. The advan-
tage of the second possibility is that the eleangine does not provide much mass to
the overall mass of the bicycle and does therd&aed to a much higher moment of in-
ertia. Depending on the chosen version it would ks possible to control the produced
torque and adapt it to the driving situation andeiwample increase the produced torque
when starting from standing position. The disadagetof using an electric engine is
that the electrical and the mechanical implememtatiare more complex. Especially in
the case of a controlled electric engine.

Another further task is to perform driving teststwa test person suffering of flaccid
paraplegia. This can already be done for the edenvduich works at healthy persons
and for which it is expected to work also for pe&rsavith flaccid paraplegia. To per-
form a p-mode test one of the modifications memtbhefore has to be done prior.
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A2 Circuit Diagrams
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A3 Calculation

A3.1 Function Test Calculation

Chapter A3.1 includes the calculations necessaaglhieve the mean bicycle resistance force
over three test trials as well as the power andnnpeaver for one function test trial. Other
function test trials were computed on the same bwayare not added to the appendix because
only the input files vary from this example caldida.



Varable Data:

R\:z 200m
S 298.15K

A:z D.48 m2

my, = 76k
my = 48.2kg

mges s mp + mf

Constant Data:

ow = .77

r:= 85mm

r,= 235mm

rj = 2125mm
m, = lkg
my, = 5.4kg

by = 1013.25.10°Pa

Ty = 293.15K

J

R = 287.058
o ke K

Technical Specifications

% Sea level of the test track [m]

% T=Temperature at the test track [K]

% A=Air contact surface m?
% Body weight of the driver [kg]
% Bicycle weight [kg]

% Overall weight [kg]

% CW-Value for recumband bicycles [11]

% r=Radius from the middle of the wheel till outer edge of the
electric motor [mm]

% r.a=Radius from the middle of the wheel till tread [mm]

% r.i=Radius from the middle of the wheel till inner edge
of wheel rim [mm]

% Mass of frontal wheel [kg]

% Mass of backward wheel on the right side {when
locking in driving direction), including electric motor [kg]

% Reference air pressure at sea level [Pa]

% Reference temperature at sea level [K]

% Universal gas constant [J/kg*K]



Test Data Import

Test Trial Data

v ;= READEXCEL( "C:\Daten\Fahrtest-Ampll.xlsx", "Tabelle1!C2:C21" )-E
8

= READEXCEL( "CADaten\Fahrtest-Ampll .xlsx" , "Tabelle 1'A2: A21" )

At = READEXCEL( "C:\Daten\Fahrtest-Ampl1.x1sx" , "Tabelle1'D2:D21" )-s
Bicycle Resistance Data
V= READEXCEL( "C:\Daten\Fahradwiderstand.x1sx" , "Tabelle 1 1 C2:C38" )-2
s
t,, = READEXCEL{"C:\Daten\Fahmradwiderstand.xIsx" , "Tabellel! AZ: A38" )

At = READEXCEL("C:\Daten\Fahrradwiderstand.xlsx" , "Tabelle [ !D2:D38" )-5

Vg = READEXCEL("C:\Daten\Fahrradwiderstand.xlsx" , "Tabelle2!C2:C35" )-E
8

by = READEXCEL{ "C:\Daten\Fahrradwiderstand.xlsx" , "Tabelle2 tA2: A35")

At 5 = READEXCEL( "C:\Daten\Fahrradwiderstand.xIsx" , "Tabelle2!D2:D35" )-s

¥3 = READEXCEL( "C:\Daten\Fahrradwiderstand.xlsx" , "Tabelle3!C2:C35" )-E
8

by = READEXCEL{ "C:ADaten\Fahrradwiderstand . x1sx" , "Tabelle3 tA2: A35")

/_\tw3 = READEXCEL( "C:\Daten\Fahradwiderstand.xlsx" , "Tabelle3!D2:D35" )-s



Calculation of the Drag Force

t

Time [s]

5.253
0.0065—-h
m
p(h) = py| 1 -
Ty
p= ) _ sk % Air density at +23°C
R-T 3
m
F = l‘cw, pAy % Drag Force [N]
2
e 1 1 1
T g
E
-
— oy
5]
=}
i) =
= 1
1 1 1
0 5 10 15
t
Time [s]
1 T T T
0.8
Z, 0.6-
8 FL
E —%d
e 04
0.2
I 1 I
0 ) 10 15




Calculation of the Translational Inertia Force

alvi= [DeD % Calculation of the acceleration vector

D0<—0

for ie ORIGIN.. letzte(v) — 1

Y. ==
+1 i
D o«
1+1 At
+1
retumn D
Fy = Mg alv) _% leanslational force of
inertia [N]
0.8 T T T
%
E
=
0
—
[1e}
ot
3
o
]
)
1
-0. 1 1 ]
0 5 10 15
t
Time [s]
z
8 Fa
Tt
o
o3
_9 1 1 1
0 3 10 15

Time [s]



Calculation of the Rotational Inertia Force

W= % Angular velocity
I,
a
Wpynkt = a0 % Angular acceleration
ra
Moments of Inertia
(I’a i I'i )
[ = M, ——— % Of the frontal wheel
v b 2
Ii=1 % Of the left backward wheel {in driving direction)
hl v
(2 + 1)
Iy = mv-% + (mhr— mv)-rz % Of the right backward wheel {in driving directicn}

Torgue Produced by Momentis of Ineria

My, = L Wpnke % Of the frontal wheel

My = My % Of the left backward wheel (in driving direction)

Mpy. =1 -w
thr = Ior “Punk
PR %% Of the right backward wheel {in driving direction)

Forces Produced by Torgue

My % Of the frontal wheel
F[V = .
a
Fint = Fry % Of the left backward wheel {in driving direction)
M
Thr
Fipr = r % Of the right backward wheel {in driving directicn)

a

_ = . .
F[ges = Fly + Fip; + Fipr % Rotational Inertia Force



3 T I 1

—— Frontal Wheel

----- Backward Wheel (left)
T Backward Wheel (right) 7
Fint — Overall

Rotational Inertia Forces [N]

Calculation of the Bicycle Resistance Force (BRF) "Fr"

Assumpticns for the calculation of the BRF
s« Driving force Fa=0
Even testtrial=> Potential energy can be neglected

L]
« No breaking while test tral
« |nertia force acts as driving force=> Positive algebraic sign
« Airpressure of the bicycle wheels = 8 bar
Trial Number One
Vog = S”g]“(tw“’w) %Smoothening cf the velocity vector with the least

square methode



4 —— Smoothed i
-E‘ 1.5
E v,
>,
= i -
& Ywg
2

0.5 -
I I 1
10 20 30
L\-'\"
Time [s]
Calculation of the Acceleration Vector

aw(vw) = D<o o, Acceleration vector without

D 0 smocthening

0
for 1e ORIGIN.. ]etzte(vw) -1
¥ - ¥
Yier W
Bar® %
t
Wit

return D

awg(“‘wg) = |D<o °.Acceleration vector with
D 0 smocthening
4]

— Original Recorded

for ie ORIGIN.. ]etzte(vwg) —1

¥ — v
WEir1 VE
D |«
1+1 At

1+1

retum D



Acceleration [m/s?]

1 l_/\ -
aW(Vw]
gl Vg
-0.2r
—— Original Recorded
—— Smoothed
-04 L 1 1
0 10 20 30
tW
Time [s]

_ % Translational force of inertia
Faw = _(mges' awg(vwg))

awg( Viy g)

“Punktw = r
Mpyw = 1y Wpynkew

Miptw = My

Mibrw = Tor WPunkew

- . MIVW
Tvw - ke
Finlw = Flyw
_ Mihryw

l:Ihrw =

rEi

_ o . N

Flgesw = _(Flvw + Flpjw + Flhrw) % Rotational force of inertia

|
I E-cw- prAv % % Drag force



. o T .
o T Flgesw ~ B Y Bicycle resistance force

Fpo = strglee(t,,,, F,) % Smoothing of BRF

Bt mitte]wert(Fr) = 552N % BRF mean value

% Smocthed BRF mean value

Frmg = mitte]wert(Frg) =5544N
1 T T T
— Drag Force
i —— Translational Inertia Force |+
— Fluw Rotational Inertia Forces
Z — 4
v Faw
= 4
[ F[gesw
2
_" . - i
0 10 20 30
tW
Time [s]
10 T T T
—— Recorded BRF
—— Smoothed BRF ||
7]
3]
5 Tm
e —
1 1 1
-
0 10 20 30
tW

Time [s]



Velocity [m/s]

Vg = strg]tt(th,vwz)

Trial Two

“%3mocthening of the velocity vector with the least
square methode

—— Original Recorded
—— Smoothed
1.5 -
Yw?
| o -
Ywg?2
0.5 -
1 I I
10 20 30
w2
Time [s]
Calculation of the Acceleration Vector:
ﬂwz("wz) =IDeo o.Acceleration vector without
D 0 smocthening
0
for ie ORIGIN..]etzte(vwz) -1
¥ — ¥
Wi WY
Pid © %
t
W2
return D
ﬂwgz("wgz) = |Deo o+ Acceleration vector with
D <D smocthening
0

for ie ORIGIN..]etzte(vwgz) -1

Y NG
WER T VB,
D=
t
Wil

return D



0.4 T

—— Original Recorded
—— Smoothed

aWZ(Vw2]

ang( ¥ wg2]

-0.2

Acceleration [m/s?]

-04
0

FawZ = _( mges‘ ang( ngZ) )

Ywg2
(..\sz = _r

ang( ngZ)

r

“Punktw2 =
Miyw2 = Ly Wpynkew2
Mipiw2 = Mpyw2

Miprw2 = Ty Wpunkew2

MIVW2

Ta

Flowz =

Finiw2 = Flvw2

Miprw2

Ta

Flarw2 =
Flgesw2 = _(FIVW2 * Fialwa + l:IhrWZ)

1 2
Fl o= E-cw- p-A‘ngz

Ly2

Time [s]

% Translaticnal force of inertia

% Rotational force of inertia

% Drag force



Fro=Fauo t+ FIgest —Fry2
FrgZ = strg]tt(th,Frz)
FrmZ = mitte]wert(Frz) =5R876N

Frng i mitte]wert(Frgz) =5R863N

% Bicycle resistance force

% Smoothing of BRF

% BRF mean value

% Smoothed BRF mean value

14
— Drag Force
8 —— Translational Inertia Force |4
— FLuo Rotational Inertia Forces
2 2 & -
F Faw2
E =
LT?. FIgest 4
2 e
07. . - - -
0 10 20 30
L2
Time [s]
15 T T
—— Recorded BRF
—— Smoothed BRF | |
E Fo
7]
3
= FrgZ
I
=i 1 1
0 10 20 30

Ly2

Time [s]



A strg]tt([w3,vw3)

Trial Three

%Smocthening of the velocity vecter with the least

square methode

I 1 1
Original Recorded
Smoothed L]
g 1.5
— Yu3
]
= | -
2 Ywgd
2
0.5 -1
1 1 1
10 20 30
L3
Time [s]
Calculation of the Acceleration Vector
aw3(vw3) = DD s, Acceleration vector without
D 0 smoothening
e
for 1 ORIGIN.. ]etzte(vw3) -1
Y ¥
Wi w3
= T
t
w3
retum D
awg’j(“'wgS) =IDeo0 °sAcceleration vector with
D 0 smoothening
0

for 12 ORIGIN.. ]etzte(vwg3) -1

Y 2 ¥
w3

D .«
+1 At

wg31.

w3

retun D



Acceleration [m/s?]

—— Original Recorded
—— Smoothed

Fawa = _(mges‘ awgB(ngS))
(..\JW3 = V“;gz'

a 3(V 3)
“Punktw3 = —t

r

Mpyvw3 = Ly Wpynkew3
Mihiw3 = Mpyw3

Mibrw3 = Ihr Wpunkew3

Mpyw3

Flyws =
Ta

Finiwa = Flew3

Mlhrw3

Ta

Florws =

FIgest = _(Flvw3 + l:Ihlw':’; + FIhrwS)

1 2
Flwz = E-cw- p-A‘ng'_;,

20 30

tw3

Time [s]

% Translaticnal force of inertia

% Rotational force of inertia

% Drag force




Fia = Faw3 * Flgesw3 ~FLw3 , )
% Bicycle resistance force

F = strgleeft F,
3 = strgltt{t,3.F
5 (twa-Fra) % Smoothing of BRF

F = mittelwert{F 4} =611 N
3 3
L ( ! ) % BRF mean value

F = mittelwert{F =H098N
3 3
e ( '8 ) % Smocthed BRF mean value

15 T T T
— Drag Force
—— Translational Inertia Force
— Fum ok Rotational Inertia Forces |
E —_
F Faw3
g
LT?. F[g63W3 s =
0 1 e 1S
0 10 20 30
w3
Time [s]
15 T T T
—— Recorded BRF
0 —— Smoothed BRF
E Fr?s
§ 5
5 Frg3
o2t
0
-5 1 1 1
0 10 20 30

w3

Time [s]



Velocity [m/s]

Force [N]

F

—— Trial 1
—— Trial 2

Trial 3

mges

0 10 20
Ly b2+ t3
Time [s]

30

— Trial 1
of-|—— Trial 2 -
Trial 3
1 1 1 1 1
1.65 1.4 1.15 0.9 0.65 0.4
Ywg Ywe2 Ywed
Velocity [m/s]
BRF mean value out of 3 trials
mitte]wert(FIm) + mitte]wert(sz) -+ mitte]wart(Frm3)

=5837N

3

0.15



Power Calculation

P = (FLv) % Power of the drag force
—_—
B, HFa o Flges)'v—‘ % Power of the inertia forces
B.= Frmges“" % Power of the bicycle resistance
PgeS =P +P,+P, % Overall Power
Pgesg — kgm([_ pges_g,) %Smocthed over all power {for depiction)
8 T T T
— Recorded Power
Smoothed
soF
% Pges
o - 40
E gesg
L —
20
| 1 |
0 3 10 15

t

Time [s]



Mean Power

P = mitte]wert(PgeS) % Mean power
P, =26009W
b= |P < 0 % Generation of a mean
for ic ORIGIN ]etzte(P )—l power vector {for depiction)
2 ges
Di — mitte]wert(PgBS)
Dletzte(PgeS] Dletzte(D)
return D
& T T T
x Recorded Power
—— Mean Power
60_ " -
Pm
I
PBSS 40 ]r -
P
m
o ] "

Power [W]




A3.2 ESC Calculation



Dimensions

al = llmm

a2 = 25mm

a3 = 7mm

bl := 7.5mm

b2 := 12.5mm

b3 := Imm

b, = 54.5mm Lenght of the vertical beam
Iy, = 119.5mm Lenght of the hecrizontal beam

A, = adbl = 52.5.mm’
Aris e W= & S
12
>
A3 = al-b3 =33 mm

Ags = a2-a2 = 625-mm’

Calculation of the upper overall center of gravity

2 a3-bl-b—21 + 2.a3-b2- [32 - %j + al-b3- [32 - ﬁj

2
Y= =14.219 mm
2A5+ 2 A0+ Aq

bl Yy .

y7 = ? —yg = 10469 mm

b2
Y12 = aZ—yS—?=4.531mm =

b3
y3 = a2 — yq —? =0.281 mm

o

512
»

V5

xX

al !




Force and bending moment
Fy = 8000N Clamping force

M := F-h, Resulting terque at the guide rails

Youngs modulus (E)

N
ES[BB] = 210000_2

mim
Section modulus {l)
3
1-b3
Iy= A = 24.75-mm4
12
3
L= 20 gt
12
a3.b2" 3 4
Iin= =1.139x 107 -mm
12
12
32-323 4 4
[4e = =3255 % 10 -mm
25 12

The cverall section medulus I1xx was calculated under the assumpticn that ne relative
movement is possible between the areas 17 and 112,

2 2 2 4 4

al a3 al

h3

b2




Horizontal beam - deflection at the middle (x=Ih/2)

Te estimate the resulting maximal deflection of the herizontal beam it was assumed as beam
stressed by two bending mements at the ends.

(Fehyx— Ml )

Wy = =—0.057mm B L A A A
o 2
Steel 251 ¢ . -
WB MX MA

Deflection of the upper reinforced guiding beams

To estimate the resulting maximal deflection at the end of the guide rails they were assumed as
cantilever beam and stressed by a force at the end.

lg == 25mm T F1
15]
gy 1= e = 0.021- mm A
3 Egteel Ixx C o0
Wit
MA 1%
F1



A4 Test Trial Checklist



[0 Subject data: weight, age, sex, kind of injuryuigjsince, FES training since injury

1

Test trail conditions (slope, trail surface)

0 Wind conditions

1

Electrode type

1

Electrode conductive material

[0 Take picture to assess wind contact surface, veitd gtick

[0 Measurement of knee angle in backward position

Result:

[0 Take a picture of knee angle in backward position

[0 Measurement of knee angle in forward position

Result:



[0 Take a picture of knee angle in forward position

[0 Measurement of fence position

Result:

[0 Take a picture of fence position

[0 Measurement of electrode position

Result:

[0 Take a picture of electrode position

[0 Adjusted stimulator amplitude

Result:

[0 Adjusted stimulator frequency

Result:

[0 Adjusted pulse width

Result:

[0 Measurement of the ambient temperature

Result:



