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“When you want to know how things really work, study them when they are coming apart”

William Gibson.
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Resumen

El nimero de personas que padecen debilidad muscular y que necesitan dispositivos
externos que asistan o rehabiliten su marcha es cada vez mayor. Existe una gran
variedad de dispositivos que estos pacientes pueden utilizar, entre ellos las ortesis de
rodilla con bloqueo durante la fase de apoyo. Este tipo de ortesis permiten un control
de la articulacion durante el ciclo de la marcha, tanto en la fase de balanceo, como en la
fase de apoyo. Dentro de este grupo, la gran mayoria utilizan sensores y/o actuadores
para su correcto funcionamiento.

En este contexto, esta tesis doctoral presenta un estudio y un desarrollo de una értesis
de rodilla con control en la fase de apoyo. El dispositivo es totalmente mecanico y se
bloquea para cualquier angulo de flexién de la rodilla. El sistema principal de este
dispositivo es un tren de engranajes planetarios autorretenibles que se encarga, por un
lado, de permitir el movimiento de la articulacidon durante la fase de balanceo de la
marcha, y por otro, de bloquearlo durante la fase de apoyo ante la presencia de
cualquier angulo de flexién de la rodilla. De esta manera se consigue un control de la
marcha sin necesidad de actuadores ni sensores.

A pesar de la gran evolucion tecnoldgica de las sillas de ruedas, la mayoria de ellas siguen
siendo de propulsion manual debido a bajo precio, ligereza, transportabilidad vy
capacidad de plegado. Sin embargo, uno de los grandes obstaculos para los usuarios de
sillas de ruedas es la subida de rampas ya que suponen una barrera para el desarrollo
de las actividades diarias. Ademas, la subida de pendientes requiere esfuerzos
musculares elevados.

En este trabajo, se propone la adaptacién de un sistema de engranajes planetarios a las
sillas de ruedas manuales para facilitar la labor de subida de rampas a la vez que
disminuir el esfuerzo ejercido por el usuario. Este mecanismo consiste en un sistema de
engranajes planetarios autorretenible que permite la subida de rampa cuando el usuario
empuja la silla, y bloquea el movimiento de la silla cuando no existe potencia de entrada.
Al tener una relacidn de transmisién reductora, la subida de rampas se realiza con menor
esfuerzo muscular y ademas no es necesario activar mecanismos externos de freno o
bloqueo de las ruedas.

Los resultados han permitido desarrollar dos aplicaciones novedosas de los trenes de
engranajes planetarios autorretenibles en el campo de la Biomecanica y mas
especificamente en los dispositivos de rehabilitacidn y asistencia. Por un lado, la nueva
ortesis de rodilla permite ampliar los dispositivos de rehabilitacién y ayuda a la mejora
de la marcha mediante un sistema completamente mecdnico, adaptable a cualquier
usuario. Por otro, el mecanismo de propulsion para sillas de ruedas manuales mejora
movilidad de los usuarios de sillas de ruedas manuales utilizando un mecanismo
adaptable a cualquier usuario y a cualquier silla de rueda manual.
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Abstract

Muscular weakness produced by different pathologies increases year after year.
Numerous devices can be used by subjects to assist or rehabilitate gait, such as Stance-
Control-Knee-Ankle-Foot-Orthoses (SCKAFOs). These devices permit control of the
whole gait cycle, both during the swing phase and the stance phase of gait. The majority
of these SCKAFOs use sensors or actuators for their functioning.

This thesis presents the development of a new SCKAFO which can be used on any
subject. The device is fully mechanical and can self-lock under any knee flexion angle.
The main component of the system is a Planetary Gear train (PGT) with self-locking
capability. This permits the movement of the orthosis during the swing phase, and the
locking of the device during the stance phase of gait. Consequently, subjects control the
gait cycle without using any sensor or actuator.

Although wheelchairs have seen great technological improvements, the majority
continue to be manually propelled because of their low prize, lightness, transportability
and folding capacity. Ramp climbing requires great muscular effort and can be a major
problem for wheelchair users, it often prevents such users from ascending ramps and
can cause problems in their daily life.

The use of a planetary gear train as a mechanical propulsion system to facilitate the
ramp climbing and consequently reduce muscular effort is shown. This system consists
of a planetary gear train with self-locking capability and thus permits the user to climb
ramps when propelling the wheelchair and to self-lock when there is no power input.
The system is a speed reducer, which means that when the user ascends ramps
significantly less muscular effort is required. In addition to this, when using a self-locking
PGT no external actuation is required to brake the wheelchair.

In this work, two new applications of self-locking planetary gear trains in rehabilitation
and assistive devices fields are presented. The first application, a new SCKAFO which
assists gait in subjects with lower limb injuries, it uses a completely mechanical device
suitable for any user. The second application, a propulsion system for manual
wheelchairs, improves the mobility of manual wheelchair users using a system that can
be adapted to any user and any manual wheelchair.
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Introduction

The understanding of human motion Biomechanics is fundamental in the prevention
and treatment of injuries. Biomechanical studies give information about mechanical
properties of tissues as well as mechanical loads during motion. The data obtained is
used by engineers to design assistive devices which are able to prevent injuries and
improve daily activities in users with special needs. Thus, understanding the functional
mobility of a patient is crucial to determine the need for an assistive device. There exists
a range of mobility assistive devices which patients can use, namely crutches, canes,
walkers, orthoses, and manual and electric wheelchairs.

In this thesis two new planetary gear trains applications for rehabilitation engineering
and mobility devices are presented. The first application is a fully mechanical knee
orthosis which locks itself when required, providing users with lower limb injuries
biomechanical assistance and therefore improving their gait. The second application is
a propulsion system for a manual wheelchair with a self-locking capability which
improves the mobility of manual wheelchairs users.

Knee orthoses are devices that are used to improve or assist gait in users with
pathologies that produce muscular weaknesses in lower limbs. These users cannot lock
the knee while walking, therefore the forces produced must be absorbed by an external
device to permit gait. In this thesis, the device that has been designed is included within
the group of the Stance-Control-Knee-Ankle-Foot-Orthoses (SCKAFOs), which control
the knee during the stance phase of the gait, locking the knee and allowing the flexion
of the knee during the swing phase. The entire process can be accomplished through a
completely mechanical system where the main component is a Planetary Gear Train
(PGT) with self-locking property. The device is attached to the lower limb through a
mechanism which consists of rods and is responsible for introducing power to the
mechanical system.

Manual wheelchairs users find slopes a great problem for their daily mobility. Although
in recent years laws have been established to facilitate wheelchair accessibility in
buildings, long distance slopes continue to be an issue, especially those located in cities.
Facing such ramps with a manual wheelchair is a challenge when considering factors
such as physical condition and fatigue which both affect greatly the climbing, and
descending to a minor extent. In this work a fully mechanical propulsion system suitable
for any manual wheelchair is presented. This system facilitates climbing and descending
long distanced slopes and it is also able to lock itself when the user ceases the power
input.

The purpose of the research is to improve and expand the existing SCKAFOs and
propulsion systems in manual wheelchairs by increasing their usability and portability,
using only mechanical components instead of electrical or electronic actuators which
depend on other devices, such as sensors. The development and results of this thesis
have been presented in two journal papers and represent the main content of this
thesis.
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State of the Art

There are many devices that use locking systems for their performance. Usually, a
locking system allows or prevents the relative motion between two different parts.
Although no ideal locking device exists, every device should have some common
features such as; multiple locking positions, high locking force and instantaneous
switching between locking and motion position among others.

In the literature, a general classification of locking systems has not been found. An
excellent approximation can be seen in Table 1 where locking devices are classified
depending on their locking principle and their application in robotics [1]. This
classification gathers most of the different locking primary systems which could
potentially be applied to biomechanical devices. In this context, SCKAFOs permit a wider
variety of locking systems than manual wheelchairs.

Table 1.
Classification of locking mechanisms by its locking principle and its activation.

Locking Principle
Mechanical Friction Singularity

Electromagnetic
Overrunning

g Latches Self-Amplifying
= Ratchets Capstans .
c Q F - | k
o < Dog Clutches Piezoelectric our-bar linkages
§ Hydraulic Locks Bi-stable
..3 Statically balanced
< Thermic
]
% I::tt((::::tss Overrunning Non-linear
4 Non-backdrivable Transfer ratio
o Cam based

Active devices are those that need actuators to switch between locking positions, while
passive devices do not require any of these electrical or electronical actuators. This work
focuses on passive locking systems and in particular on non-backdrivable gears. A
mechanism has the property of non-backdrivability if the motion can be transmitted in
one direction, but not in the opposite.

The existing mechanisms which have this property are lead-screws and worm drives
[1,2], which are displayed in Fig. 1. These non-backdrivables mechanisms have been
used on multiple occasions, above all in robotics, like the Southampton hand [3],
CyberHand [4], RTR Il [5] andTBM [6]. Worm gears have been particularly used in an
active knee orthosis [7] and in a hip orthosis [8]. In these types of mechanisms, shear
friction between gears acts as the brake force. The non-backdrivability of the mechanism
is assured with a mechanical efficiency of less than 0.5 [2].

10
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Output Input Shaft

Screw

Input Shaft Nut Output Shaft

a) b)
Fig. 1. a) Lead screw pair. b) Worm gear.

Non-backdrivability can also be achieved by using high reduction ratio transmission [9]
due to the principle of virtual work and by using a customized clutch [9], where friction
between fixed and driving parts is maximized. This work focuses on the condition of non-
backdrivability in planetary gear trains.

Self-locking Planetary Gear Trains

Some Planetary Gear Trains (PGTs) with certain solutions and values of tooth ratios
present the non-backdrivability property and act like a self-locking system. This property
is mainly due to the friction between the elements and to geometrical reasons. When
an external torque is applied to the output of a self-locking PGT, internal forces appear
preventing the mechanism from moving. This particular condition is used in this thesis
for the design of a new SCKAFO and a new propulsion system for a manual wheelchair
with self-locking capability on ramps.

The first self-locking planetary gear train system was developed by Wolfrom [10]. It was
formed by a sun gear, two planetary gears joined together through a planet carrier and
two rings as shown in Fig. 2. The first analysis for this type of mechanism were developed
by Looman [11] and Muller [12], which demonstrated that the system behaved
differently depending on the operation mode. Thus, if the mechanism acts as a speed
reducer, high transmission ratios can be achieved. However, if the system behaves as a
speed multiplier, the self-locking condition appears [12].

ring A-A ring
Al gear 2 gear 1

%; planetary
gear 1

sun

 gear

[FSh,.
planet
carrier

=

Fig. 2. Design of the Wolfrom PGT.

This particular condition of a Wolfrom PGT was used by Mihailidis [13] to generate high
torques and test gearboxes in test rigs. Fig. 3 shows the test rig in which the Wolfrom

11
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PGT is applied. It is evident that with small motors, high torques can be generated and
the efficiencies of gearboxes can be calculated using these transmissions. When the
main motor attemps to drive the output of the Wolfrom PGT, the self-locking condition
appears and the PGT is locked without the usage of brakes. At this point, the stepper
motor needs to drive the system and vary the torque or the system will rotate as a block.

Cesaroni [14] used a Wolfrom PGT at the output of the final wheel drive of electric
trucks. Butsch [15], Orlowski [16] and Sulz [17] improved the Wolfrom PGT but no
applications were carried out.

i

lu]]m“mmn

Main
motor

e ] 7l
ol | Tl
o/

\

Stepper
motor

— e

UL

Fig. 3. Test rig using a Wolfrom PGT.

Other studies have been undertaken in order to determine the conditions for self-
locking to appear [18] and also the efficiency of these transmissions [19-21]. Based on
the literature, no application of self-locking planetary gear trains in the Biomechanics
field was found.

On the contrary to other non-backdrivable mechanisms, self-locking PGTs are
transmissions where the input and the output of the system are coaxial. This
characteristic, together with the self-locking capability without any external brake or
actuator, have allowed the use of self-locking PGTs to develop two fully mechanical
devices with Biomechanical applications; a new SCKAFO and a new propulsion system
for manual wheelchairs.

Stance-Control-Knee-Ankle-Foot-Orthosis

There are many SCKAFOS that use locking mechanisms to function, however, not many
are completely mechanical. Having electrical or electronic components add more
complexity to the control of the orthosis.

One of the first fully mechanical SCKAFOs was the Ottobock Bock Free Walk System [22]
created by Becker Orthopadic UTX and presented in 1989 by Becker Orthopedic
company. This system allows free flexion of the knee during the swing phase, and
completely locks the knee during the stance phase. The main disadvantage of this
orthosis is that the locking position is produced at full extension. Another disadvantage
is that to switch between the stance phase and the swing phase, the user needs to
produce a 10 degree dorsiflexion angle. The orthosis is presented in Fig. 4.

12
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et

nee Flexion

Pawl

Control
Cable

Pull Force

a) b) c)

Fig. 4. a) Assembly of the Ottobock Bock Free Walk System. b) Locked position. c) Unlocked position

Another fully mechanical SCKAFO was developed by Fillauer and called Fillauer Swing
Phase Lock [22]. In this case, the locking and unlocking of the mechanism was activated
by gravity using a weighted pawl. The system improved the previous activation method,
however it only permitted a locking position between 0 and 10 degrees of knee flexion.
The functioning of this orthosis is displayed in Fig. 5. With this SCKAFO, the knee is locked
during the stance phase and moves freely during the swing phase.

a) b) <)

Fig. 5. a) View of the Fillauer Swing Phase Lock. b) Locked position. c) Unlocked position.

The Horton Stance Control Orthosis [22] used another type of mechanism to control the
locking of the knee. During heel strike, a pushrod pushes a cam and locks the orthosis
due to the contact against a friction ring. Once the contact with the ground disappears,
the user is able to flex the knee. The orthosis allows the locking of the knee at any flexion
angle, however, an extension moment is required to switch between the locking
position and the unlocking position. This device is displayed in Fig. 6.

13
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Knee-Join Axis

Friction Ring
Upper Joint Segment

Cam-Pushrod —\&
Connection

Lower Joint Segment ~— e Rotation

Pushrod

Fig. 6. a) View of the Horton Stance Control Orthosis. b) Locking mechanism.

A further fully mechanical SCKAFO was developed by Yakimovich et al. [22] which is able
to both lock the knee at any flexion angle and permit the free rotation of the knee during
the swing phase. The functioning of this orthosis is based on a belt that causes friction
and thus increases the flexion resistance. Consequently, the joint locks. This orthosis is
shown in Fig. 7 and although it controls the whole cycle of gait using a fully mechanical
system, it requires a torsional torque to switch between the locking position and the

unlocking position.

Disc

Lever
Recoil
Spring

Clamp Lever

Gate Plate

Pushrod ) ‘ Opposing
\J I Clamping
| Element

a)

Fig. 7. a) Belt-clamping SCKAFO.

In [23] another SCKAFO is shown which allows the locking of the knee during the stance
phase and allows the motion of the joint during the swing phase. The locking of the knee
is achieved through a ratchet gear. This orthosis also allows the control of the flexion

14
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during the stance phase of up to 15 degrees. However, its functioning is limited to the
adjustment of a mechanical timer before its usage which allows the switch between
swing and stance phase. This mechanical timer obliges the user to follow a selected
speed which must be maintained throughout the gait cycle.

Fig. 8. View of the SCKAFO [23].

A new SCKAFO which permits the control of knee during the stance phase and allows to
move the knee during the swing phase is presented. The SCKAFO proposed in this work
has the following characteristics:

e The system is fully mechanical, it does not require any electronical or
electrical actuators or sensors for its functioning.

e The control of the orthosis depends exclusively on the movement of the user.

e The system self-locks at any knee flexion angle.

e A torque to switch between the locking and the unlocking position is not
required.

e The SCKAFO allows free motion during the swing phase.

Propulsion system for manual wheelchairs with self-locking capability.

Most of the manual wheelchairs (about 90%) that exist on the market are pushrim
propelled [24]. However, there are other propulsion methods that can help users to
reduce the physiological impact that pushrim propelled wheelchairs produce. The
following are the most common [24]:

e Crank propelled wheelchair: Uses a bicycle propulsion system to facilitate the
propulsion of the wheelchair (Fig. 9 a)).

e Lever propelled wheelchair: It is designed with manually operated push levers
that transfer force to the wheels through a transmission mechanism (Fig. 9 b)).

15
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e Hubcrank propelled wheelchair: The least common of the propulsion system,
allows the user a continuous propulsion (Fig. 9 c)).

Fig. 9. a) Crank propelled. b) Lever propelled. c) Hubcrank propelled.

Each of these systems permits the adaptation of gear systems which facilitate the
propulsion of manual wheelchairs during the climbing of steep ramps.

A further issue to consider in manual wheelchairs users is the braking of the wheelchair.
People with low mobility can find this very important above all when they are situated
on ramps. The most common system to reduce the speed applies friction to the wheels.
On many occasions and depending on the gravity of the injury, this task can be very
difficult. Some of the most used braking systems are as follows:

e Shoe brakes: Their use is the most extensive and they are designed in a way that
can be activated by pushing forward or pulling backwards (Fig. 10 a)).

e Scissor brakes: They are mostly used by active subjects in sporty environments
(Fig. 10 c)).

e One-hand brakes: This option is used by patients with hemiplegia (Fig. 10 b)).

e Drum brakes: They are mainly used when the wheelchair is pushed by another
person as they are normally located on the backrest (Fig. 10 d)).

Fig. 10. a) Shoe brake. b) One-hand brake. a) Scissor brake. b) Drum brake.

16
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All of these mechanisms require a manual activation and deactivation, which means that
users must move or remove their hands in order to work the braking systems. However
not all the mechanisms are manually activated, the system proposed in [25] is formed
by a mechanical and automatic wheelchair brake which activates the brakes itself when
a patient attempts to rise from the wheelchair (Fig. 11). The system consists of a three-
way lever brake with three positions (locked, unlocked and automatic). There are other
systems that automatically brake the wheels like those shown in [26, 27]

MANUAL

/:u'ro-
MATIC

Fig. 11. a) Side view of the wheelchair. b) Three-mechanism.

As can be seen, there are many systems that are used to propel and brake a manual
wheelchair. However, not many systems allow the user to both push the wheelchair and
brake the system when required.

A system proposed by [28] whose commercial name is MagicWheel (Fig. 12), uses a
geared transmission with a reduction mode which makes it suitable for climbing ramps.
It also has a hill holding system which prevents the wheelchair from rolling backwards
but the movement of the system is limited to the forward direction.

a) b)

Fig. 12. a) View of the MagicWheels. b) Exploding view of the mechanism.

In this thesis, a propulsion geared system which can be attached to any manual
wheelchair is proposed. The propulsion mechanism is fully mechanical and mainly

17
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formed by a Planetary Gear Train with a self-locking capability which acts as a brake. The
system is ideal for long ramps and helps reduce the effort needed over an extended
period of time, preventing the user becoming fatigued, and allowing them to ascend or
descend long ramps. Further, the propulsion system and the locking capability are
properties which belong to the self-locking PGT. It is also suitable for any manual
wheelchair and it is designed according to the physical condition of the subject.

Objectives

The aim of this thesis is to show two pioneering applications of Planetary Gear Trains
with self-locking capability; a novel knee orthosis and a propulsion system for manual
wheelchairs.

Firstly, a fully mechanical Stance-Control-Knee-Ankle-Foot-Orthosis that locks the knee
during the stance phase of gait under any knee flexion angle and allows the flexion of
the knee during the swing phase.

Secondly, a novel propulsion system for manual wheelchairs with self-locking capability
when situated on ramps. This propulsion system can be adapted to any physical
condition of the individual considering the input power that any user can hold. The
system also locks itself when the user stops pushing the wheelchair.

The objectives for the making of the SCKAFO and the propulsion system for manual
wheelchairs are as follows:

e Designing of the self-locking PGT adapting it to every application and
determining elements that permit the functioning of the SCKAFO and the
propulsion system.

e Validating the proposed design through the determination of the transmission
ratio and the design conditions which need to be satisfied (i.e. constraints or
meshing requirements).

e Constructing the proposed designs and adapting them to both healthy users and
a standard wheelchair.

e Functional testing of the devices in order to validate the reliability and the
behaviour of both devices.

Thesis content

The thesis consists of the compilation of two articles in which two new applications of
Planetary Gear Trains with self-locking capability are shown. The first article has been
published, the second has been accepted for publication:

18
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e Jimenez GR, Salgado DR, Alonso FJ, del Castillo JM. A new stance control knee
orthosis using a self-locking mechanism based on a planetary gear train. ASME.
J. Mech. Des. 2018; d0i:10.1115/1.4041780.

e Jimenez GR, Salgado DR, Alonso FJ, del Castillo JIM. A new manual wheelchair
propulsion system with self-locking capability on ramps, Mech. Sci., 9, 359-371,
d0i:10.5194/ms-9-359-2018, 2018.

Results and Discussion

The different applications proposed in this thesis are aimed at assisting the design of a
fully mechanical SCKAFO and the design of a novel propulsion system with self-locking
capability in manual wheelchairs. The results and further discussion of each device will
be presented in the following paragraphs.

Stance-Control-Knee-Ankle-Foot-Orthosis

A new SCKAFO which can self-lock due to the actuation of a self-locking PGT has been
built. The following steps show the construction of the orthosis:

e Design, evaluation and construction of a self-locking PGT with a transmission
ratio of 1:12.

e Development of the three rods which complement the orthosis.

e Adaptation of the self-locking mechanism to a SCKAFO.

e Testing of the orthosis on two healthy subjects.

A two-stage Planetary Gear Train was built according to the equations proposed by [18]
with a transmission ration of 1:12 and two multiplier stages were added in order to
achieve a transmission ratio of 1:1 between the input and the output. Three rods were
built and attached to the calf, the thigh and the output of the mechanism. The mission
of the orthosis was to allow the motion during the swing phase of gait and self-lock
during the stance phase. The rod attached to the output was also connected to the foot
of the subject. During the stance phase, the contact with the ground produced a torque
around the knee joint that locked the system and thus held the weight of the subject,
allowing the user to continue walking. However, when contact with the ground (swing
phase) was not made, the input of the system was done through the rod attached to the
thigh, and so permitted the motion of the mechanism, allowing the user free swing until
the contact with the ground was made again.

The SCKAFO was designed, built and tested on two healthy subjects in order to prove its
functionality. The purpose of these trials was to demonstrate that the system self-locked
during the stance phase, and allowed the user free swing during the swing phase.

The first trial was conducted on a healthy subject with 1.80 m of height and 80 kg of
mass. The trial consisted of analysing the stance phase of the gait while walking at a
preferred speed, and thus prove in a qualitative way that the device self-locked while
load bearing. The trial proved that the orthosis permitted free swing during gait,
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allowing the user to move the joint freely. In this trial the device self-locked at an 8-
degree knee flexion angle during the stance phase, which was maintained until contact
with the ground terminated.

The same trial was tested on a different subject with 70 kg of mass and 1.80 m of height.
The knee flexion angle during the stance phase was approximately 1 degree which was
maintained while there was contact with the ground. The purpose of this trial was to
analyse the behaviour of the SCKAFO on a further subject with different gait patterns.

Finally, a third trial was tested on the second subject, who was told to intentionally
change the gait pattern, imitating a crouch gait. The aim of this trial was to demonstrate
that the system self-locked in the presence of a different knee flexion angle while load
bearing. During the swing phase the angles were higher than in the other two trials.
Before heel strike (system self-locks) there was an angle of 34 degrees which remained
the same during the stance phase.

The three trials demonstrated that system can be adapted to the gait of any user as the
limitation in flexion knee angle is not given by the orthosis but the subject itself. The
main component of the system was a PGT, which allowed any angle to be reached
between the input and the output of the system. It was also demonstrated that the
orthosis can self-lock at any knee flexion angle during the stance phase of gait. The only
requirement for the self-locking to appear is that there is contact with the ground. If
there is not such contact, the joint is free to move, and any angle (regarding the
limitations of the subject) can be reached.

Both subjects felt comfortable while load bearing and felt less muscle effort due to the
self-locking characteristic of the device, even during abnormal gait. During the swing
phase no issues arose and thus the user was able to bend the knee comfortably since
the output of the device was not in contact with the ground.

Propulsion system for manual wheelchairs

A new propulsion system with self-locking capability for manual wheelchairs has been
built. The following steps show the construction of the propulsion system:

e Design, evaluation and construction of a self-locking PGT with a transmission
ratio of 1:12.

o Assembly of a new multiplier stage which permits a transmission ratio of
5:12.

e Adaptation of the propulsion system to a standard manual wheelchair.

To prove the reliability of a self-locking system in manual wheelchairs, a prototype of a
propulsion system has been made. In order to achieve the self-locking capability, the
tooth ratios were calculated according to the equations shown in [18]. In this
application, the transmission ratio achieved was also 1/12 as it is the maximum
transmission ratio that a PGT must have to achieve such self-locking capability. A
multiplier stage was added to the output of the self-locking stage to attain the desired
transmission ratio of 5/12. The transmission was mounted underneath the seat of a
standard wheelchair as it was the most adequate place for the purposes of the project.
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The housing of the mechanism is the fixed element and it is attached to the chassis of
the wheelchair. An external pushrim was installed and connected to the input arm with
the purpose of introducing power to the propulsion system and thus allowing the
movement of the transmission.

The aim of this transmission is to allow the propulsion of the wheelchair when power is
introduced by the external pushrim and also to self-lock when the power is introduced
by the wheel. With this system the user does not need to activate or deactivate any
external mechanism to brake the wheelchair when situated on a ramp. Furthermore,
the effects of inertia when the user is on a ramp do not have to be overcome since the
mechanism locks when power input is through the wheels.

The trials were conducted on a healthy subject with a height of 1.80m and a mass of 80
kg. The ramp used for the trials was located at the main entry of a residential area, it
had a 10% slope and a length of 15 m. The first trial consisted of analysing the self-
locking characteristic of the prototype.

The subject was told to remain stationary and not to move the external pushrim. While
the subject was on the slope in an uphill direction the power input was transferred from
the wheel to the output of the self-locking PGT, provoking the locking of the system and
preventing the subject from rolling backwards. In the same way, when the subject was
in a downhill direction, the prototype also self-locked. The subject was comfortable and
did not feel any risk of rolling backwards or forwards while the prototype was locked.
The first trial demonstrated that the system self-locked while the user was on a ramp
without any power input.

The second trial consisted of introducing power through the external pushrim in order
to test the motion of the prototype. By moving the external pushrim of the prototype,
the power input was transferred from the external pushrim provoking the movement of
the wheelchair. The subject was told to push the pushrim at the speed he considered
appropriate. While pushing the wheelchair through various cycles and then halting the
motion, the subject felt comfortable throughout the trial and did not feel at risk of rolling
backwards or forwards. Further, the user did not feel the effects of inertia when
changing between a stationary position and motion. This functioning prevented the user
from rolling backwards while ascending or rolling downhill while descending. Further,
the system moved while the power was introduced through the external rim allowing
the user to ascend inclined ramps.

Conclusions

A new knee orthosis design encompassed within the group of SCKAFOs has been
presented. It consisted of a locking system which permitted the movement of the limb
during the swing phase and locked the knee joint during the stance phase. Three rods
were placed on the lower limb, one of which was fixed to the thigh of the user. The
second rod was connected to the calf and behaved as the input of the mechanism,
allowing power to be introduced during the swing phase. The third rod was anchored to
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the output of the mechanism and was responsible for introducing power through the
output during the stance phase, and hence caused the locking of the mechanism as
power could not be transmitted from the output.

Finally, it should be noted that unlike other orthoses designs proposed in the literature,
this system is entirely mechanical. It therefore requires no electrical or electronic
elements for its activation or deactivation. Additionally, it allows the knee to lock at any
flexion angle during the stance phase and no torque is required to switch between the
two phases of gait. These characteristics make this SCKAFO suitable for any subject, as
the proposed design can be adapted to the gait of any user.

A new propulsion system used in manual wheelchairs to facilitate the ascending and
descending on ramps was also designed and built. This transmission is based on a
planetary gear train with self-locking capability. Due to the self-locking property, the
transmission must be designed with a speed ratio lower than 1, making the device ideal
for climbing ramps. The transmission is placed underneath the seat of the user, this
allows that the chair maintains its dimensions regarding factors such as accessibility. The
transmission shares both input and output axes which means that the system is coaxial.
The input is connected to the new pushrim installed on a manual wheelchair and parallel
to the wheel and its mission is to transmit power to the transmission. The output of the
transmission is connected to the wheel. In this way, if the user introduces power through
the new pushrim, the system will move the wheel. However, if the movement is
introduced through the wheel, the system will self-lock due to the lack of power
transmission in this direction. This system can be adapted to any physical condition
(measured by the amount of power which each person can apply over a long period
time) of the user. The transmission ratio is adapted to the physical condition of the user
and the slope which is going to be ascended.

The system is formed by only mechanical components and no electronic or electrical
actuator is required, it does not need any external elements for its
activation/deactivation. This permits the user to push the wheelchair without fearing
unexpected descending. These factors make this system suitable for every manual
wheelchair user.

Finally, for future works, this type of self-locking transmission could have further
applications in other types of vehicles such as bicycles and its usage could even be
extended to transport and handling systems such as hoists. In the latter, the traditional
transmission system could be modified with a self-locking PGT in order to lift heavy
weights.
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Abstract

The objective of this work was to design and build a fully mechanical knee orthosis. A
knee orthosis should both allow control of the angle of flexion of the knee during the stance
phase of the gait cycle and leave the joint free during the swing phase. Knee orthoses are
normally used to assist the walking of people suffering from muscle weaknesses or gait
pathologies in order to avoid excessive knee flexion during the stance phase. The design of the
orthosis proposed in the present work is characterized by allowing the knee to be locked at
any angle of flexion during the stance phase, and because the orthosis can be unlocked to
allow the joint to be released in the swing phase without the action of any external agent, i.e.,
without requiring external electrical or electronic systems for the control and performance of
the orthosis. These characteristics mean that the design can be adapted to the gait of any user.
The proposed design consists of a set of three rods, one attached to the user’s thigh, another
to the calf, and the other to the foot, connected to each other by a self-locking planetary gear
train (PGT). [DOI: 10.1115/1.4041780]

Keywords: orthoses; rehabilitation engineering; knee locking system; self-locking planetary gear train;
stance control.

1. Introduction

There are numerous potential causes of muscle weakness. These include post-polio syndrome,
spinal cord injury, trauma, multiple sclerosis, muscular dystrophy, unilateral leg paralysis, and
paresis [1]. Sufferers usually need a passive or active orthosis to help them lock the knee while
walking. Many of the orthoses currently available on the market are mainly used in
rehabilitation or to improve control of the ankle joint or knee . They can be
classified into three distinct groups: passive knee-ankle-foot-orthoses (KAFOs), stance control
KAFOs (SCKAFOs), and dynamic KAFOs.

Passive KAFOs act without any external power source. Most of them lock the knee during
both the stance and the swing phases. The knee remains blocked resulting in an
uncomfortable gait requiring high energy consumption on the user's part. This leads many
of these patients (more than 60%) to stop using them . There are various types of locking
systems used in these orthoses: ratchet lock, drop lock, bail lock, and dial lock. However, they
all have the disadvantage that they can not be locked at any, not predetermined, angle of
flexion , i.e., they only allow blockage in certain joint positions, which makes their use less
comfortable and less adaptable to each user.

The second group, SCKAFOs, are orthoses that lock the knee during the stance phase and
allow knee flexion during the swing phase of gait. Not all SCKAFOs block at any angle of knee
flexion, and those that do, such as the Quasi-Passive Compliant Stance Control Knee-Ankle-
Foot Orthosis , use sensors to electronically control their action. These orthoses improve
gait control relative to passive KAFOs. In addition, they can reduce gait compensations and



allow patients to walk with less effort [1]. They have been studied and improved extensively
due to their great reliability. There remain, however, certain abnormal patterns during gait due
to knee blockage in the stance phase . They use a great diversity of locking mechanisms.
Some examples are ratchets, cams, friction mechanisms, hydraulic mechanisms, and
magnetically activated clutches. The orthosis proposed in the present paper belongs to the
SCKAFO family because the control of gait is established in the stance phase, and released
during the swing phase.

Dynamic KAFOs reproduce the user's normal gait more accurately than the foregoing
orthoses since they implement a system of control of the different moments/movements that
constitute the various phases of gait. They allow the knee to be locked at any flexion angle
during gait, and hence allow control of the complete gait cycle whether in the stance phase or
in the swing phase. They are bulkier than other orthoses because they necessarily require a
sensor, actuation, and control system and a battery. Different types of mechanisms are
implemented to perform the blocking during the stance phase. These include spring
mechanisms , @ pneumatic system , a hydraulic system , and a combination of
superelastic rods and springs . Although orthoses of this type can simulate gait correctly,
they are not completely mechanical solutions like the one proposed here. Moreover, their
complex control system means that they are mainly used as laboratory rehabilitation devices

The orthosis proposed here is characterized by allowing the knee to be locked at any
flexion/extension angle during the stance phase, and because it can be unlocked to release the
joint in the swing phase without the action of any external agent, i.e., without requiring
external electrical or electronic systems. It is therefore a fully mechanical design, classifiable as
an SCKAFO as indicated above.

The objective of the present work was to design and build a new SCKAFO type knee orthosis
that adapts adequately to any user's gait, regardless of the angle of flexion during stance. It
requires no external control system. Instead, control is carried out directly in response to the
user's own movements, as we shall detail below. The design consists of a set of three rods or
bars, one attached to the thigh, one to the calf, and one to the foot, connected to each other
by a self-locking planetary gear train (PGT).

The paper is organized as follows. Section 2 describes the locking mechanisms used. Section
3 presents the design of the proposed mechanical SCKAFO based on a self-locking PGT. Section
4 the validation of the proposed design and Section 5 shows the functional and qualitative
evaluation of the device. Finally, Section 6 presents the conclusions and future works.

2. Locking mechanisms used in orthoses design

There are various knee locking systems, whether for control in the stance phase, in the
swing phase, or both. However, very few of them are fully mechanical, i.e., not requiring
sensors, actuators, electrical systems, etc. In the present work, only mechanical locking
systems that do not require any type of actuation are analysed. In particular, we shall not
include the blocking mechanisms of Dynamic KAFOs. The following are some of the
mechanisms implemented in Passive KAFOs and SCKAFOs.

shows a ratchet lock system used in a Passive KAFO. This system does not allow knee



locking in all positions. It is used to facilitate the patient's standing from a sitting position to an
upright position. To this end, the mechanism has a locking system that varies every 12° until
the full extension of the knee, thus avoiding knee flexion. To unlock the system (flex the knee),
it is necessary to manually press a lever.

12° 120

unlock

lock ®

Fig. 1. Ratchet lock locking mechanism.

The dial lock mechanism shown in is another example of a locking mechanism
used in the design of Passive KAFOs. This system only allows a pre-configured locking position.
By using a dial, the subject can choose the desired locking position, and the system will then
allow knee flexion to the chosen angle. This type of mechanism is most frequently used for
rehabilitation.

2,

Fig. 2. Locking system based on a dial lock.

shows the Ottobock Bock Free Walk System created by Becker Orthopaedic UTX
This system allows free flexion of the knee during the swing phase, and completely blocks the
knee during the stance phase. It remains locked unless the ankle produces a dorsiflexion of 10°.
At this point, the locking system disengages and the knee can again move freely during the



swing phase.
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Fig. 3. Ottobock Free Walk/Becker Orthopaedic UTX. Spring loaded mechanism. Image obtained from [19]

Fig. 4 shows the Fillauer Swing KAFO system [15]. This employs a mechanical locking
system in which a pawl moves under gravity. This device locks the knee during the stance
phase and the knee moves freely during the swing phase. It locks in full extension of the knee,
so that there is only one locking position. Release does not occur automatically but depends
on the angle of hip flexion. Fig. 4(a) shows the behaviour of the system under complete knee
extension when the thigh is anterior to the individual's body, and Fig. 4(b) when the thigh is
posterior to the body, when the pawl falls out of engagement.

|
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Weighted Pawl

a) b)

Fig. 4. Fillauer swing KAFO [19] showing the behaviour of the orthosis in different situations.

Another locking solution is belt-clamping [15] (Fig. 5(a)). This system works by friction.
The belt attaches to the upper and lower supports and extends through the knee shaft. The
resulting flexural strength increases as the knee flexes [16] allowing locking of the knee joint.



The tension decreases with extension of the knee at any time. This system requires rods along
the medial and lateral zones of the leg to operate (Fig. 5(b)).
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Fig. 5. Belt-Clamping SCKAFO. a) Components of the SCKAFO. b) Two views of the orthosis. Image obtained from

The various mechanical locking systems currently used in orthotic design are
summarized in Table 1. The last row of the table corresponds to the locking mechanism of our
proposed new orthosis design.

Table 1.
Characteristics of mechanical locking systems in orthoses.
Condition of the knee
Name Type joint Locking Position Unlocking mechanism
during the gait cycle
Knee flexion is blocked
The knee extends freely automatically due to the
Ratchet lock Passive KAEO but.flexmn is b.locke.d Every 12 degre.es until ratchet lock. The. knee is
during the entire gait full extension unlocked by pressing down
cycle the release lever of the
ratchet lock
The knee locks
. . - automatically when
Dial lock Passive KAFO The knee |.s Iock.ed during At any speufled extending.
the entire gait cycle knee flexion angle . .
It is unlocked by pulling up
the dial of the KAFO
Otto Bock Free Walk The knee is locked in 10 degrees ankle
Becker Orthopaedic SCKAFO stance and moves Full extension Dorsiflexion to pull down
UTX. freely in swing And disengage the lock
The knee is locked in
F Oto10d
Fillauer swing KAFO SCKAFO stance and moves freely rom Lo ggrees Automatically
. R of knee flexion
in swing
The knee is locked in Any knee flexion
Belt-clamping SCKAFO stance and moves ¥ R Automatically
R . angle at heel strike
freely in swing
. The knee is locked in .
Proposed knee-locking SCKAFO stance and moves Any knee ﬂexro_n Automatically
system . , angle at foot strike
freely in swing




All of the mechanisms discussed above except the one proposed in this paper require an
unlocking torque for the transition between the locked and the unlocked phases. In the
mechanism proposed in this work, unlocking occurs automatically, and the patient does not
need to perform any extra movement to disable the block during the stance phase. They
simply have to maintain their own walking pattern for the correct functioning of the orthosis.
In addition, the locking occurs at any knee flexion angle, and does not need any part that
affects the mechanism in the medial zone of the leg. In the following, we shall divide our
explanation of the design into three parts. First, we shall describe the proposed blocking
mechanism, explaining how the system is arranged for its proper operation. Second, we shall
discuss the different possible construction solutions and the tooth ratios needed for self-
locking to occur. Third, a dynamic analysis will be included to verify the viability of the chosen
solution. And fourth, a qualitative study of a prototype built will be tested on a healthy subject
to analyse the self-locking condition.

3. Design of the orthosis based on a self-locking Planetary Gear Train

The proposed orthosis design consists of two parts: a locking system based on a self-
locking planetary gear train, and a set of three rods or bars. Each of these rods has a specific
function, and is attached to one member of the PGT and to different parts of the leg. In
particular, one rod is attached to the thigh (Rod 1), another to the calf (Rod 2), and the other
to the foot (Rod 3). They are connected to each other by a self-locking planetary gear train. An
outline of this design is shown in Fig. 6.

As can be seen in the Fig. 6(a), Rod 1 is attached to the thigh, and is anchored in position to
the PGT's housing, i.e., to the fixed member of that transmission (see Fig. 6(c)). Rods 2 and 3
are attached to the PGT's input and output axes.

Rod 1 Thigh Rod 1
i (Housing-Thigh)

Housing

Rod 2 SELF

LOCKING N
NO POWER FLOW POWER FLOW
wecnn [ EOER oW ]

Rod 3

Rod 3 Rod 2
(Output-Foot) (Input-Calfy

a) b) c)



Fig. 6. a) and b) Two views of the solution for the construction of the SCKAFO design (rods and self-locking
mechanism in relation to the limb). ¢) Schematic diagram of the proposed SCKAFO design.

The task of Rod 1 is to support the orthosis, and to serve as the element establishing
the fixed member of the transmission, i.e., the member whose angular velocity with respect to
the thigh is zero. Rod 2 is attached to the calf and the PGT's input. It is this rod which allows
power to be input during the swing phase, i.e., when the system is not blocked. Rod 3 is
connected to the PGT's output. Its mission is to allow the orthosis to block during the stance
phase when the foot comes into contact with the ground. This is because power input to the
transmission in the stance phase is through this rod, and in this sense the transmission does
not let power flow towards Rod 2, so it is self-locking by causing Rods 1 and 3 to be fixed in
place in this phase of the gait cycle. The knee locking system implemented in this design allows
the knee to flex and to extend during the swing phase regardless of the angle of flexion of the
knee.

Fig. 7 shows how the locking mechanism acts during gait. At the beginning of the gait
cycle, the foot (Rod 3) makes contact with the ground (initial contact). As a result of this, a
reaction occurs which results in a resistant torque (To) in the knee that impedes the knee's
flexion. This torque is produced at the output of the mechanical device (Rod 3), and causes the
PGT to self-lock when attempting to send power from Rod 3 to Rod 2. Thus, the knee remains
locked during the sub-phases of stance, i.e., loading response, mid stance, terminal stance, and
pre-swing (see Fig. 7) since the position of Rod 3 relative to Rod 1 stays fixed. When the user
enters the swing phase in the initial swing, there is no longer any contact with the ground. So
the input torque on the locking mechanism, Ti, is produced by the rotation of the calf (Rod 2)
with respect to the thigh (Rod 1). This torque causes power flow in the PGT to be from Rod 2
to Rod 3, i.e., in the direction for which the PGT does not self-lock and therefore allows
movement. In particular, the transmission allows the movement Rod 3 in phase with Rod 2
during mid swing and terminal swing, until the foot again comes into contact with the ground,
and the cycle is repeated.

STANCE PHASE SWING PHASE
| Initial | Loading ‘ Mid ‘ Terminal | I Pre- | ‘ Initial ‘ I Mid ] Terminal ‘
Contact Response Stance Stance Swing Swing Swing Swing
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(Output-Foot) (Input-Calfy {OutpulFodt (Input-Calf)
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Fig. 7. Performance of the knee locking system during different stages of gait.



With respect to the design of the transmission implemented in the orthosis, in the
swing phase, Rods 2 and 3 need to have the same angular velocity relative to the fixed
member (thigh), and therefore the design must have a transmission ratio equal to unity.
However, it has been shown that the transmission ratio of a self-locking PGT has to be less
than unity, i.e., it has to be designed as a speed reducer. Therefore, in order to obtain a
transmission ratio of unity between Rods 2 and 3 of the orthosis, it is necessary to include
another planetary transmission in series with the self-locking PGT that multiplies the speed so
as to obtain a final transmission ratio equal to unity. is a schematic diagram of such an
orthotic locking system consisting of a speed reducer self-locking PGT with a speed multiplier
PGT that can result in an overall transmission ratio of unity.

Rod 1
(Housing-Thigh)

SELF
PGT LOCKING
PGT
(Sp?eF‘ (Speed Reducer)
Multiplier)
Rod 3 Rod 2
(Output-Foot) (Input-Calf)

Fig. 8. Parts of the knee locking system.

4. Validation of the proposed orthosis design

In this section a solution will be determined for the construction of the proposed orthosis,
in particular, for the knee locking system shown in . For a PGT to be self-locking, it must
satisfy a series of design conditions that allow only a reduced set of constructional solutions

For simplicity of construction, we considered the two 4-member self-locking PGT solutions,
since these have the fewest members. These two solutions are shown in . We chose to
analyse the one shown in (a) because it has external (gear/gear) pairs rather than internal
(gear/ring-gear) pairs. For this solution to be self-locking, the following expression must be
satisfied:

z 1
N14M24 < Zﬁ <— (1)
14

MN14M24

where 7);; is the ordinary efficiencies of the circuits of the PGT. The ordinary efficiency is the
efficiency of the gear pair if the arm linked to the planet were fixed. By means of this
efficiency, one introduces into the overall efficiency calculation of the gear train the friction



losses that take place in each gear pair. Although the value of the ordinary efficiency in each
gear pair depends on the number of teeth of its gears, on the operating conditions (applied
torque, speed, lubricant type and method, temperature), and on geometric factors such as the
approach portion and the recess portion and on tooth surface roughness , for the
analysis of the self-locking conditions; it is sufficient to consider a value of the ordinary
efficiencies slightly less than unity .In Eq. (1) Z;; is the tooth ratio of the gear pair formed
by the linking members i and j. In particular, Z;; is defined as Z;;=Z;/Z;. For the definition of
the tooth ratios to satisfy the Willis equations, Z;; must be positive if the gear is external
(meshing gear—gear) and negative if it is internal (meshing ring gear—gear). For the train of
(a), one would have to take Z;, > 0 and Z,, > 0.
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Fig. 9. Constructional solutions for 4-member planetary gear trains.

The two solutions for a 4-member self-locking PGT shown in only allow power
flow with input through the arm (Member 3) and output through the sun (Member 1), as
indicated by the arrow in the . The transmission ratio of such 4-member PGTs with arm
input is

Z14—Z24

r= (2)

The constraints on the design of an orthotic locking system based on PGTs can be
grouped into those involving size and geometry, as will be and those involving meshing
requirements. These two groups will be detailed below.

Constraints involving gear size and geometry

The first constraint is a practical limitation of the range for the acceptable face width b.
This constraint is as follows:



Im<b<1ldm (3)

Where m is the module of the gear. All of the kinematic and dynamic parameters of the
transmission depend on the values of the tooth ratios Z;;. In theory, the tooth ratios can take
any value, but in practice, they are limited mainly for technical reasons because of the
difficulty in assembling gears outside of a certain range of tooth ratios. In this work, the tooth
ratio for the design of mechanical spindle speeders are quite close to the recommendations of

Miller and the American Gear Manufacturers Association (AGMA) norm , and are:

02<Z;<5 (4)
=7 <Zj<-22 (5)
with the constraint given by Eq. being for external gears and that by Eq. for internal

gears. It is important to note that these constraints are valid for designs with different
numbers of planets (Np)

Another constraint that will be imposed on the design of four-PGT with double planets, as the
self-locking PGT implemented in the orthosis design, is that the ratio of the diameters of the
gears constituting a double planet is shown in the below equation:

dy

1
3 < ) <3 (6)
where d; and dy are the diameter of the gears than constitutes the planet gear that meshes

with members 1 and 2 (see ).

Planetary gear train meshing requirements

The meshing requirements are given by the AGMA norm . For planetary systems
with double planets must, either of which, factorise with the number of planets in the sense of
Eq. 7 below (see AGMA norm ):

ZPy+Z, Py

m = an integer (7)
14

where P; and P, are the numerator and denominator of the irreducible fraction equivalent to
the fraction Z,,/Z,; where Z,, is the number of teeth of the planet gear that meshes with
member 1 and Z; is the number of teeth of the planet gear that meshes with member 2 (see
):
Zu _ Py
Zy P

(8)

In order to satisfy the above requirements, and since the 4-member PGT with an input
arm is a reduction transmission, the maximum transmission ratio that can be achieved in order
to obtain a self-locking train, i.e., Eq. 1, and which also satisfies the above conditions (Egs.

), is r = 1/12. This maximum possible transmission ratio was chosen since, as indicated
previously, the transmission ratio between Rods 2 and 3 must be unity, and hence less
multiplication will need to be implemented at a later stage.

As a specific design proposal, we propose the following teeth numbers for the self-
locking PGT of (a):



Z,=21 Z,=21 Z,=24 Z, =22

and a planet composed of three gears (Np = 3), as shown in Fig. 10.

Arm
Input

Fixed

Fig. 10. Assembly of the self-locking PGT. The arrows of win and wout represent the direction in which the PGT
transmits power.

For the speed multiplier, we chose a two-stage design because, as will be explained
below, the transmission will have to bear high loads, and a single stage multiplier would mean
that the complete mechanism would be of a larger diameter. The two multipliers implemented
are of x3 and x4 multiplication ratios (Fig. 11(a)).
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Fig. 11. a) A scheme of the complete transmission mechanism implemented between Rods 2 and 3 of the orthosis.
b) Dimensions (in mm) of the mechanism (for a person of 80 kg mass, the knee supports 52 Nm).

To size the transmission mechanism between Rods 2 and 3 of the orthosis, we
determined the torques that the system must support during the stance and swing phases.

In the stance phase, the torque transmitted to the transmission is the knee-locking
torque required to prevent thigh-calf flexion and that is triggered by a reaction force at the
initiation of that phase. In the literature, this torque is clearly defined for the gait cycle

, and depends on the subject's weight. One sees in that the maximum torque
produced in the knee during the stance phase is approximately 0.65 Nm/kg. Hence, for an
average person of 80 kg mass, the knee supports 52 Nm.

During the swing phase, the torques produced in the knee are smaller than during the
stance phase. Power recirculation occurs when the power that is transmitted by a gear pair is
greater than the input power. This phenomenon appears in self-locking PGT . However, as
can be seen in Fig. 12 the torques produced around the knee during the swing phase are very
low compared to the stance phase, so this phenomenon does not significantly affect the
device. Even in these cases, however, because the power that the subject inputs in the swing
phase is relatively low, the torques that the gears must support are smaller than in the stance
phase. The torques in the swing phase were calculated using the expressions given in Refs.
and . In sum therefore, the locking system must be designed to withstand the stresses that
occur during the stance phase, since this is the more restrictive.
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Fig. 12. Knee torques during a gait cycle.

The representation of the dynamic loads on the cogs of the gears was calculated using
CAE tools. It is very difficult with this type of tool to calculate the power recirculation that
occurs in the self-locking PGT when the system is in motion. As noted above, however, the
stage with the greatest torques in the gears is when the mechanism is blocked in the stance
phase. lists the characteristics of the gears in the complete self-locking PGT and
planetary multiplier system.



Table 2.

Characteristics of all the gears that form the self-locking PGT with the multipliers. rp: pitch radius in mm, rg:
addendum radius in mm, rq: deddendum radius in mm, a: pressure angle, m: module in mm, t: thickness in mm, R.:
Ratio contact (x3) Due to the number of planets.

Distance r r r m ¢ R
Member Teeth Centres P ‘ a a €
(mm) | (mm) (mm) (mm) | (mm) (x3)
(mm)
2 21 15.01 16.44 13.58 1.43
6 1.58
self-locki 4 24 17.16 18.59 15.73 1.43
ef;,‘;cr'"g 3225 20
1 21 15.75 17.25 14.25 1.5
6 1.57
q' 22 16.5 18 15 1.5
Ril 80 68 66.7 69.7 1.7
Multiplier " 4.47
P Planet 40 51 34 35.7 32.3 20 1.7 3
x3
1.63
Sun 20 17 18.7 15.3 1.7
Ring 90 67.5 66 69 1.5
Multiplier 5.39
p Planet 30 45 22.5 24 21 20 1.5 3
x4 1.65
Sun 30 225 24 21 1.5 '

The housing in which the self-locking system is located is made of plastic. This material will
hold the produced efforts due to the self-locking and will not affect in excess the weight of the
device. The gears are made of steel with an elastic limit ¢ =241.27MPa. The rods are made of
duraluminum. The torque produced by the locking of the system is known and fixed for each
individual’s gait, and must be supported by the complete system. This allows the locking
system to be designed with acceptable dimensions taking the stresses between the cogs in
contact into account. The contact ratios between the pairs of gears are high, and will allow the
forces to be distributed over more points of contact, with consequently lower tangential forces
on each zone of contact. From the data in Table 2, one sees that the suns (1 and 2) are the
members of the PGT with smallest radii. Planets 4 and 40, forming the same member, share
the supported torque between the two of them.

von Mises (N/mm*2 (MPa))

3% Double pair tooth
. 301 contact area

274

Single pair tooth
26
contact area

L 12 Double pair tooth
16 contact area
137

547
I 274
0.000646

P Yield strength: 620

~

a) b)

Fig. 13. a) Stresses produced by the tangential forces applied to the cog during the blocking phase. b) Areas in which
the different contacts occur, and the application of the tangential force produced by the contact in the least
favourable area.

Thus, the input and output members (1 and 2) of the self-locking PGT will be those that bear
the most load. The method used to calculate the resistance of the mechanism is that described



in Refs. [21-24]. In particular, as illustrated in Fig. 13(a) for gear 2, the contact between two
gears was simulated applying the tangential force caused by the torque to the center of the
gear at the primitive radius, distributed over the thickness of the cog. Regarding the boundary
conditions the gear is fixed in the center simulating the self-locking condition. The contact
force is simulated as shown in Fig. 13(b). The results showed that the teeth of the gear indeed
support the stresses generated. The different parts of the locking mechanism and their
approximate dimensions that will allow the stresses produced during the stance phase to be
supported are shown in Fig. 11(b). The length of the arms that connect the different stages of
the mechanism was taken to be 10mm. All the elements designed in the knee lock system are
straightcut gears. The mechanism’s volume could be reduced if gears were used since the
contact ratio between each gear pair would be greater, and hence the forces would be
distributed over more points of contact. We decided to use straight cut gears for the present
work because the speeds to which the system will be subjected are not high, and the
manufacturing costs would be lower.

5. Functional and qualitative evaluation

In this work a prototype of the SCKAFO has been tested in order to validate the reliability and
the behaviour of the device during the stance phase of gait. For the purpose of the trial, the
prototype was built using medial and lateral support for both Rods 1 and 2. The third bar (Rod
3) was built in aluminum and attached to the output of the device. An insole was fixed to Rod 3
and its goal is to make contact with the ground. In Fig. 14, the complete proposed device is
shown in a) front view and b) sagittal view.

Fig. 14. a) Front view of the prototype built. b) Sagital view.

The first trial was conducted on a healthy subject with 1.80 m of height and 80 kg of mass
(subjectl). It consisted of analysing the stance phase of the gait while walking at a preferred
speed, and prove in a qualitative way that the device self-locks while load bearing. Fig. 15 (a)
shows different stages of gait during the stance phase and the swing phase.



The second trial was conducted on a new healthy subject with 70 kg of mass and 1.80 m of
height (subject 2). Following the considerations of the previous trial, an analysis of the
behavior of the orthosis was carried out in another subject.

The third trial (Fig. 15(c)) was analyzed on subject 2. In this case, the subject was told to
maintain the knee flexion in order to imitate the crouch gait. The purpose of this trial is to
demonstrate that the system self-locks in the presence of a different knee flexion angle while
foot contact.

Being the main component of the device a self-locking PGT, any angle can be achieved
between the input—output (rod 2—rod 3) and the fixed member (rod 1). The system adapts to
any user’s gait and the limitation in angle will be given by the gait limitation of the user. In Fig.
15 the knee angles during gait are shown for every subject. To measure the knee angle during
both stance and swing phase, two lines were traced on the photograms of Fig. 15 representing
rod 1 and rod 3 and the angle between these lines was calculated. During the swing phase two
photograms of the cycle for each trials are shown, which represent initial swing and terminal
swing, respectively. Variable a represents the angle between rod 1 and rod 3. During the
stance phase, three photo grams of the cycle are shown.

It is evident that during the stance phase in all of the trials, the relative angle between rods 2-3
and rod 1 remains the same since there is a force contact with the ground, and under this
condition the device is locked. However, when the contact with the ground finishes, the joint is
free to move and the flexion of the knee occurs.

SWING PHASE STANCE PHASE

a)

b)

(o)

a=38° T B T =340
POWER FLOW NO POWER FLOW
(SYSTEM MOVES) (SYSTEM LOCKED)




Fig. 15. Testing of the device on two healthy subjects: (a) normal cycle of gait on subject 1, (b) normal cycle of gait
of subject 2, and (c) simulated crouch gait of subject 2

Different repetitions of every trial consisting of three or four steps for every gait cycle were
carried out. Both users felt comfortable while load bearing and could feel less muscle effort
due to the self-locking characteristic of the device even during an abnormal gait (subject 2).
During the swing phase there was not any issue and the user could bend the knee comfortably
since the insole of rod 3 was not in contact with the ground.

6. Conclusions and future works

We have presented a new knee orthosis design encompassed within the group of SCKAFOs. It
consists of a locking system that permits movement of the leg during the swing phase and
locks the joint during the stance phase. There are three rods placed so that one of them allows
fixation of the mechanism to the user’s thigh, another connects the calf to the input of the
mechanism so as to introduce power during the swing phase, and the third is anchored to the
output of the mechanism, is responsible for any input of power through this output during the
stance phase, and hence causes the mechanism to lock since power cannot be transmitted

in that direction.

It should be noted that, unlike other orthosis designs proposed in the literature, this system is
entirely mechanical. It therefore requires no electrical or electronic elements for its activation
or deactivation. Also, it allows the knee to lock at any flexion angle during the stance phase. All
this means that the characteristics of the proposed design can adapt to the gait of any user.
Subjects with lower limb pathologies will benefit of the use of the SCKAFO presented on this
paper. As has been proved in the trials carried out in this work, the mechanism self-locks in the
presence of a force reaction and under different knee flexion angles. This will help users with
muscle weaknesses such as trauma, multiple sclerosis, muscular dystrophy, unilateral leg
paralysis, or paresis, as these subjects usually need orthosis that help them lock the knee
during the gait cycle.

The orthosis developed in this work is a rigid device as it does not allow any knee flexion in
order to absorb the impact of foot contact during the stance phase. Although it can self-lock at
any knee flexion angle during the stance phase of gait, it lacks some force absorption before
self-locking occurs. The subject however did not feel uncomfortable due to this limitation.

Finally, the device was also built and tested on two healthy subjects. In a qualitative way it has
been demonstrated that the system self-locks while load bearing during the stance phase
under different knee angles. For future works, lighter materials and considerations regarding
the size of the device will be taken into account. Although in this work, a plastic support has
been used in order to give some flexibility to the ankle joint, the authors will consider for
future works the use of a klenzack spring, which will improve the rigidity of the ankle joint. As
the purpose of the paper is to demonstrate the effectiveness of a completely mechanical
orthosis that self-locks, we wanted to validate a new orthosis proposal. Due to the promising
behavior of the device the device will also be tested on impaired users with lower limb injuries
and further studies like energy consumption and muscle behavior will be analyzed.
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A wheelchair user faces many difficulties in their everyday attempts to use ramps, especially those
of some length. The present work describes the design and build of a propulsion system for manual wheelchairs
for use in ascending or descending long ramps. The design is characterized by a self-locking mechanism that
activates automatically to brake the chair when the user stops pushing. The system consists of a planetary trans-
mission with a self-locking capacity coupled to a push rim with which the user moves the system. Different
transmission ratios are proposed, adapted to the slope and to the user’s physical capacity (measured as the power
the user can apply over ample time periods). The design is shown to be viable in terms of resistance, and approx-
imate dimensions are established for the height and width of the propulsion system. Also, a prototype was built

in order to test the self-locking system on ramps.

There are several types of manual wheelchairs, among which
there stands out the basic manual push rim propelled mod-
els (Vanlandewijck et al., 2001; van der Woude et al., 2001).
These account for around 90 % of the chairs existing on the
market. They are the most commonly used due to their low
cost, their excellent handling capacity, and ease of trans-
portation since they can be folded (van der Woude et al.,
2006). Another type that stands out is the crank-propelled
wheelchair. This uses the same type of propulsion as bicy-
cles and its most efficient configuration is that of handcy-
cling, where propulsion is powered using the hands (Arnet
et al., 2013). Another type is the lever-propelled wheelchair
which uses a lever fixed directly to the rim, allowing the user
to adopt a more ergonomic position and being more efficient
than the crank-propelled wheelchair (van der Woude et al.,
2001). The last type of chair with manual propulsion is the
geared manual wheelchair which functions with mechanical
geared wheels (Flemmer and Flemmer, 2016).

Ramps are a major problem for users’ everyday lives. This
is especially so for the long ramps that they encounter in
cities, since activities that require changes of inertia need

more upper limb strength than those needed to maintain
speed on the flat (Sonenblum et al., 2012).

There are some devices in the literature that allow the
users to use geared transmissions for manual wheelchairs
propulsion but not many of them complement the propul-
sion with a locking mechanism when ascending or descend-
ing a ramp. Magicwheels is a commercial brand (Meginniss
and SanFrancisco, 2006) that uses a transmission based on a
hypocycloidal which has two modes. In the standard mode
the hand rim is connected directly to the wheel and the sys-
tem behaves like a normal pushrim propelled wheelchair.
If the user pushes a shift on the hub, the gear turns into a
transmission providing a gear ratio lower than 1:1 which
helps wheelchair users to ascend a ramp easily. It also has a
hill holding mechanism which prevents the wheelchair from
rolling backwards. This hill holder mechanism includes one
way roller assemblies in order to rotate in one direction but
not the other. Thus, the locking of the mechanism is achieved
through friction preventing the gear assembly from moving
backwards. The device is mounted on a wheel, and the user
would replace its own wheel in order to use this propulsion
system.
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Different arrangements of the propulsion system: (a) between the wheel and the power input element; (b) under the seat.

In this work, a propulsion system is proposed whose main
component is a wheel-locking system based on a self-locking
planetary gear train (PGT) that can be attached to any man-
ual wheelchair. Since the self-locking PGT is a mechanism
in which the input and output are coaxial, it can be feasi-
bly coupled to any wheelchair. The input of the mechanism
is connected to push rims through which the user can apply
power to the propulsion system, and this then transmits the
movement to the chair. However, if the power is transmitted
from the wheels themselves (which are connected to the out-
put of the mechanism), the system does not allow movement
due to its self-locking nature. The system is ideal for long
ramps, where its use helps reduce the effort needed over a
long period of time, preventing the user becoming fatigued,
and allowing them to ascend or descend a long slope.

In the following sections, we shall describe firstly the pos-
sible arrangements and transmission ratios of the propulsion
system that are required to climb ramps of different slopes,
based on different power inputs. Then, a proposed design of
the self-locking system and details of the propulsion system
will be described. Finally, a functional and qualitative evalu-
ation of the prototype will be tested on a ramp.

The main element of the propulsion is a PGT. This is a coax-
ial transmission with a single degree of freedom, so that it
has to have a fixed member to operate correctly but can be
attached to any wheelchair. In particular, the system can be
implemented directly between the wheel and the power trans-
mission element (the push rim) as shown in Fig. 1a, or under
the chair with a different configuration as shown in Fig. 1b.
This latter is the option chosen for the present work.

The need to have a mechanism with one degree of freedom
requires one of the elements of the system to be established
as a fixed member (w = 0). For this reason, the housing con-
taining the propulsion system is fixed to the chassis of the
wheelchair. To explain the behaviour of the propulsion sys-
tem, Fig. 2 shows the two situations that can occur when a
manual wheelchair user is on a ramp. In Fig. 2a, the power
input is from the push rim. In this case, the mechanism is
capable of transmitting power and thus moving the wheel.
However, when the power input is through the wheel, i.e.,
when the user is not moving the push rim, the configuration
of the system prevents power being transmitted to the out-
put member, and the movement of the chair is locked, as is
shown in Fig. 2b.

Thus, with this system, the user can resume propelling the
chair at will without needing to activate or deactivate any
wheel locking mechanism. Also, the effects of inertia when
the user is on a ramp do not have to be overcome since the
mechanism locks when power input is through the wheels.
The same is the case when motion is resumed, i.e., it is not
necessary to overcome the effects of inertia when power is
input through the push rim.

There are various factors that influence the manual propul-
sion of a wheelchair, such as the type of surface on which the
chair is being propelled (Koontz et al., 2005), the individual’s
mass (Sprigle and Huang, 2015), and the slope of the terrain
(Choi et al., 2015). Upper trunk activity increases as the slope
becomes steeper, but the use of any reduction mechanism that
increases the torque applied to the axis of the chair decreases
the performance of certain muscle groups of the user’s upper
trunk (Howarth et al., 2010). Figure 3 shows the forces on
the propulsion wheel when the user is on a slope, assuming
that the chair moves with constant speed.
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In this figure Fyrg is the rolling resistance force, « is the
slope of the ramp, Fi-0) is the tangential force the sub-
ject needs to apply to move the chair when o > 0, and ¢
is the angle with the horizontal formed by the radius to the
point of application of the tangential force. This force causes
the propulsion torque M at the centre of the wheel. It can

be seen that the total force is F = /Ft%a>0) + F? with the

purely tangential force Fyy>0) being responsible for the for-
ward movement of the wheelchair (Boninger et al., 1997,
2002; Chow et al., 2009; Dallmeijer et al., 1994; De Groot
et al., 2002; Kwarciak et al., 2009; Lin et al., 2009; Robert-
son et al., 1996; Veeger et al., 1991; van der Woude et al.,
1988), and F; being the normal component which, although
it does not move the chair, plays a part in the friction between
the hand and the push rim.

We make the following simplifying assumptions in this
work: the analysis is done in two dimensions (van der Woude
et al., 1988); the speed of ascent (vgope = cte) (Arnet et al.,
2013; Chow et al., 2009; Veeger et al., 1991; Van Der Woude
et al., 2003); the inertia of the wheel (Richter et al., 2007; van
der Woude et al., 1988) and the aerodynamic resistance (Van
Der Woude et al., 2003, 1988) are neglected; and the forces
the user applies to each wheel are symmetrical (Arnet et al.,
2013). Then:

Ft(ot>0) = Fp+Fdrag (1

Given Fyq~0) one can determine the torque MY needed to
move the chair up a ramp. Taking a total mass (chair + user)
of m =100kg and a coefficient of rolling resistance p =
0.015 in accordance with the results reported in de Groot et

al. (2006) and Richter et al. (2007), one has:

M¢ = Fia=0) - rp = (Farag + Fp) - 1p
= (pmgcosa + mgsina) - 1, 2)

Where rp, is the radius of the pushrim, which we take
0.225 m. The power input PI applied directly to the pushrim
is given by:

PI= Mg : wslope(W) (3)

Where wsiope = Vsiope /7w 18 the angular velocity in rad s~ of
the wheels on the slope, with ry, being the radius of the wheel
which we take ry, = 0.27 m.

In this work, we took an individual’s physical condition
to be the power that they can input at a constant rate for
an ample period of time. In Salgado and Castillo (2007),
it is explained that for a planetary propulsion system to be
self-locking, it must be designed in such a way that the
mechanism is one of reduction. In this sense, the propul-
sion system’s transmission ratio (Ry) is obtained as a func-
tion of PI and the slope to ascend. To calculate vgjope, We
set v; = 1.2ms~! which is the speed that the chair would
have on the flat without using the propulsion system, and then
Uslope = Ryvy.

Figure 4 shows power input to the push rim for different
values of vgjope (With R¢ being 1/12,1/6,1/4,1/3 and 5/12)
for v; = 1.2ms~!. For this study, we considered that ramp
slopes of less than 4 % are too little, and greater than 10 % are
too steep, for the propulsion system to be used. The suitable
values are represented by a shaded area in Fig. 4 and, while
it is not a criterion for the choice of the propulsion system, it
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does establish an approximation of the minimum and maxi-
mum ramps that a user can take on. The figure represents by
way of example a user whose physical capacity allows them
to input PI = 50 W at the push rim. Depending on the slope
to ascend, one obtains the corresponding values of R; repre-
sented by the points (P;, P>, P3, P4). With the same PI, the
user is able to climb ramps ranging from 4.7% at a speed of
Uslope = 0.5 m s 1t013.7% ata speed of vgope = 0.2m s—1.
This graphic thus makes it possible to clearly see the values
of R; the user will need to climb certain ramps depending on
the PI they are capable of.

The behaviour of the propulsion system was verified by a
simulation in which a user wishes to climb a ramp of approx-
imately 5 % slope and is capable of inputting a power Pl =
50 W for a long period of time. Taking v; = 1.2ms™! as in
Fig. 4, one can see that these data correspond approximately
to the point Py, with Ry =5/12, i.e., vgjope = 0.5m s~L. Fig-
ure 5 shows the user performing a complete push cycle while
climbing a ramp. When the user stops inputting power, the
system locks (Fig. 5b). When, at any time, the user wishes to
resume the ascent they can do so by simply applying power
to the push rim, avoiding having to overcome the force of
inertia.

Now that one knows the transmission ratios that are best
adapted to each user depending on their physical condition
and the slope that they want to ascend, in the following sec-
tion we shall explain the design of the self-locking propul-
sion system.

For a PGT to be self-locking, it must satisfy a series of design
conditions which mean that only a small set of construction
solutions are possible (Salgado and Castillo, 2007). In this
section, we shall determine a solution for the self-locking
system proposed in Fig. 2.

For simplicity of construction, we shall analyse the two
4-member self-locking PGT solutions since these are the
ones with the fewest possible members (Fig. 6). For the de-
sign proposed in the present work, we chose the solution of
Fig. 6a because it has gear pairs that are external (gear/gear)
rather than internal (gear/ring gear). For this construction so-
lution to be self-locking, the following expression must be
satisfied (Salgado and Castillo, 2007):

Zoa 1
n4nu < —o— <
Z14  n14m24

“4)

where 7;; is the ordinary efficiencies of the circuits of the
PGT. The ordinary efficiency is the efficiency of the gear pair
if the arm linked to the planet were fixed. By means of this ef-
ficiency, one introduces into the overall efficiency calculation
of the gear train the friction losses that take place in each gear
pair. Although the value of the ordinary efficiency in each
gear pair depends on the number of teeth of its gears, on the
operating conditions (applied torque, speed, lubricant type
and method, temperature), and on geometric factors such as
the approach portion and the recess portion and on tooth sur-
face roughness (Anderson and Loewenthal, 1980; Diab et al.,
2006; Miiller, 1982; Xu and Kahraman, 2005), for the anal-
ysis of the self-locking conditions; it is sufficient to consider
a value of the ordinary efficiencies slightly less than unity
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(Salgado and Castillo, 2007). In Eq. (4) Z;; is the tooth ratio
of the gear pair formed by the linking members i and j. In
particular, Z;; is defined as Z;; = Z; /Z;. For the definition
of the tooth ratios to satisfy the Willis equations, Z;; must be
positive if the gear is external (meshing gear—gear) and neg-
ative if it is internal (meshing ring gear—gear). For the train
of Fig. 6a, one would have to take Z14 > 0 and Z4 > 0.

The two construction solutions for a 4-member self-
locking PGT only allow power flow with input through the
arm (Member 3) and output through the sun (Member 1),
as shown in Fig. 6, where the power flow is in the direc-
tion marked by the arrow. The transmission ratio of the four-
member PGT with input through the arm is (Salgado and
Castillo, 2007):

VAV AY)
y = ————

5
71 &)

For the design of the wheelchair locking system based on
PGTs, we have considered the constraints on this type of
transmission. These constraints can be grouped into two cat-
egories — one involving gear size and geometry, and the other
the PGT meshing requirements, as will be detailed in the fol-
lowing two subsections.

The first constraint is a practical limitation of the range for
the acceptable face width b. This constraint is as follows:

Im <b < 14m 6)

Where m is the module of the gears. All of the kinematic and
dynamic parameters of the transmission depend on the values
of the tooth ratios Z;;. In theory, the tooth ratios can take any
value, but in practice, they are limited mainly for technical
reasons because of the difficulty in assembling gears outside
of a certain range of tooth ratios. In this work, the tooth ratio
for the design of mechanical spindle speeders are quite close
to the recommendations of Miiller (1982) and the American
Gear Manufacturers Association (AGMA) norm (American
Gear Manufacturers Association, 1988), and are:

0.2 < Z,‘j <5 (7)
—-T7< Z,‘j < =22 (8)

with the constraint given by Eq. (7) being for external gears
and that by Eq. (8) for internal gears. It is important to note
that these constraints are valid for designs with different
numbers of planets (V) (Miiller, 1982).

Another constraint that will be imposed on the design of
4-PGT with double planets, as the self-locking PGT imple-
mented in the locking system design, is that the ratio of the
diameters of the gears constituting a double planet is:

1 dy

= 3 9
3 dy ©)
where d4 and dy are the pitch diameters of the gears than
constitutes the planet gear that meshes with members 1 and

2 (see Fig. 6).
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The meshing requirements are given by the AGMA norm
(American Gear Manufacturers Association, 1988). For plan-
etary systems with double planets must, either of which, fac-
torise with the number of planets in the sense of Eq. (10)
below (see AGMA norm; American Gear Manufacturers As-
sociation, 1988):

ZoP, 71 Py

— an int 10
N, an integer (10)

where P; and P, are the numerator and denominator of the
irreducible fraction equivalent to the fraction Zy/Z4; where
Zy is the number of teeth of the planet gear that meshes with
member 1 and Z4 is the number of teeth of the planet gear
that meshes with member 2 (see Fig. 6):

Zv _h (11)
Zy4 P
It can be verified that to satisfy the above requirements, and
given that the 4-member PGT with arm input is a reduction
transmission, the maximum transmission ratio (minimum re-
duction) that can be achieved so that a self-locking train is
obtained, i.e., so that the constraints of Egs. (4)—(11) are sat-
isfied, is the one that has R; = 1/12. Of the possible transmis-
sion ratios for a self-locking PGT, we chose this maximum.

As a specific design proposal to achieve Ry =1/12, we
propose the following teeth numbers for the self-locking
PGT: Z, =48, Z, =44, Z4 =20 and Zy = 20.

As mentioned above, and as can be checked in Fig. 4, the
logical R; values go from 5/12 to 1/12. Therefore, only in
one case is the propulsion system a self-locking PGT. For
the rest of the PI and slope values, a self-locking PGT +
multiplier combination is necessary. In this work, we propose
a PGT as multiplier stage since the speed is multiplied in a
single step.

The self-locking PGT design with the planet member con-
sisting of four gears (N, = 4) is shown in Fig. 7a, and Fig. 7b
is a schematic diagram of the complete propulsion system
(self-locking PGT + multiplier PGT). The self-locking PGT
is common to any design of the propulsion system. The mem-
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ber that varies depending on the needs of the user is the mul-
tiplier stage.

As an example, we use an intermediate transmission ratio
Ry =5/12, which is the result of combining a self-locking
PGT with R, =5/12 and a multiplier PGT with R; = 5. The
objective is to evaluate whether the propulsion system is
small in size. To perform the calculations, two phases must
be distinguished: when the system is locked, and when PI is
input through the pushrim.

In the locking phase of the propulsion system, the value of
R, of the system is irrelevant since the stresses produced in
the system depend solely on the slope and the chair-plus-user
mass. For the calculations in this phase, one must decide on
the value of the slope. We shall take a slope of 10 %. Since
the system is locked, Fyrag = 0 because it is not necessary
to overcome any forces of friction. Thus, considering m =
100kg, the only force that the system supports is that of the
weight, Fp:

Fya>0) = Fp + Farag = mgsina +0=97.6 N (12)

The radius of the Wheel, ry, is 270 mm. If no reduction sys-
tem is used, the torque produced on the wheel’s axis during
this locking phase on a slope of 10 % will be:

M¢ = Fyry =26.35Nm (13)

This torque is distributed symmetrically through the two
drive wheels. Hence, each locking system receives a torque

of MY =13.17Nm. Each drive wheel is connected to the
self-locking PGT’s output gear (Gear 1) which will receive
the full torque, and trigger the locking. Using the values
given in Table 1 for the dimensions of the elements con-
forming the propulsion system, the tangential force produced
by MZ =26.35Nm on the cogs of Gear 1 will be Fyg~0) =
233.2N. Since they belong to the same member, planets 4’
and 4 distribute the torque produced by the locking symmet-
rically, and this will be that given by the tangential force ex-
erted by the cogs of Gear 1. Figure 8 shows a method for cal-
culating the resistance of the mechanism. This is the method
used in Hwang et al. (2013), Li (2012), Moreira et al. (2016)
and Patil et al. (2014) in which the resistance of the cog is
calculated from the tangential force Fyy~0) caused by the
torque produced at the centre of the gear’s pitch radius.

When power is input through the push rim, the equa-
tions proposed in Del Castillo (2002) are used to calculate
the torques and angular velocities of the components of the
propulsion system (self-locking PGT + multiplier PGT) with
power input to the self-locking PGT through the arm. These
calculations were done using software developed in Matlab
based on the aforementioned equations. Table 1 gives the size
and dynamic characteristics of each member of the mecha-
nism when a torque M is input through the push rim. For
the dynamics calculations, we considered the values of R
represented in Fig. 4.

The increase in the torques produced in the self-locking
PGT elements is due to the power recirculation that occurs
in this type of self-locking PGT (Del Castillo, 2002). Thus,
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Size characteristics of the gears conforming the propulsion system, and the contact ratios between elements in contact and the

dynamic loads on each element when M is input through the pushrim.

System Member Teeth Pitch Diameter Thickness Module Contact Ratio Torque  Angular speed
(mm) (mm) (mm) (xNp) (Nm) (rpm)

Arm - - Mg o)

Self-locking PGT (Ry =1/12) 1 48 113 5 2.35 1.61 (x4) 5.79M¢ 1/12w;
& 20 47 229M¢ 32wy

2 44 110 2.5 1.64 (x4) 4.79M¢ 0

4 20 50 229M¢ 32w

Multiplier (R¢ = 5) Ring 120 180 5 1.5 >3(x3) 4.6TM¢ 0
Planet 45 67.5 1.695 (x3) L.72M¢ 1.66/12wy

Sun 30 45 L.12mg 5/12wy;

Multiplier (R¢ = 4) Ring 90 180 5 2 >3(x3) 439M¢ 0
Planet 30 60 1.654 (x3) 1.43M¢ 1/6ay

Sun 30 60 1.40M¢ 1/3wy;

Multiplier (R = 3) Ring 80 160 5 2 >3 (x4) 391M¢ 0
Planet 20 40 1.635 (x4)  0.96M¢ 1/4wy

Sun 40 80 1.88M¢ 1/4wy

Arm - - - 2.7TME 1/6w;

Multiplier (Rt = 2) 2 60 99.6 5 1.66 1.719 (x3)  5.79M¢ 1/12wy;
& 30 49.8 2.95M¢ 1/3wy

1 30 75 2.5 1.654 (x3) 2.77M¢ 0

4 30 75 2.95M¢ 1/3wy

unlike in the locking phase of the system when the maximum
torque supported by the self-locking PGT is limited by the
size of the gears and the weight of the user, in this phase the
limiting variable is the torque that is input onto the push rim
where the greatest stresses arise.

As an example, we present a calculation of the stresses
that arise on the cogs of the PGT’s gears when a user is
able to input a power of approximately 70 W, and wishes to
climb a 7 % ramp. According to Fig. 4, the transmission ra-
tio that is best suited to the needs of this case is Ry = 5/12.

The speed of ascent, vgope = 0.5m s~ is the consequence of
inputting approximately M = 19 Nm at w; = 4.44rad s71,
which means that 9.5 Nm is applied to each push rim. As one
observes in Table 1, taking into account the dimensions of
the components of both the self-locking and the multiplier
stages, the component which supports the greatest stress is
Planet 4’ of the self-locking PGT. The results of the dynamic
simulation with this force applied to the cog as in Fig. 8 are
shown in Fig. 9.
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on Member 4’ (the least favourable).

Characteristics of the elements conforming the proposed propulsion system with Ry =5/12.

Member Material (Density) Mass  Total Member mass (g)  Thickness (mm) Diameter (mm)
Arm Rigid PVC 111.86 628.14 10 -
Z2 Alloyed cast steel ~ 311.54 311.54 5 110
Z4 Alloyed cast steel 63.16 252.64 5 50
74 Alloyed cast steel 55.11 220.44 5 47
Z1 Alloyed cast steel ~ 355.33 355.33 5 113
Ring Alloyed cast steel ~ 474.91 47491 5 200
Sun Alloyed cast steel ~ 277.76 2717.76 5 100
Planet Alloyed cast steel 65.87 197.61 5 50
Planets carrier ~ Rigid PVC 173.4 1734 5 -

Total 2891.77 30 202.5 (dedendum diameter)

The cogs of Member 4’ can withstand the effects produced
even in situations of steep slopes. This method has therefore
allowed us to define the thicknesses and diameters of all the
gears, and hence we can also define the approximate dimen-
sions of the complete propulsion system.

With the stresses that arise in the elements of the propul-
sion system known, and its viability in terms of resistance
confirmed, we can now approximate the overall dimensions
of the system, as is illustrated in Fig. 10a for Ry =5/12. An
exploded view of the mechanism is included in Fig. 10b.

Table 2 lists the specifications of each element of the trans-
mission for Ry = 5/12. A relationship is established between
the width and the height of the casing enclosing the trans-
mission in order to have an approximation of the system’s
viability in terms of its dimensions.

In this work a prototype of the propulsion system has been
tested in order to validate the reliability and the behaviour
of the self-locking system in manual wheelchairs. The gears
that formed the self-locking PGT and the multiplier stage
were made of alloy steel. A ball bearing was used in gear 1
with 12 mm of diameter, the rest of the bearings of the pro-
totype were needle bearings with 10 mm diameter each. The
mounting of the prototype was as follows: gear 2 and the first
part of the housing were joined together with screws which
prevented gear 2 from moving. Planet gears 4 and 4', the
planet carrier and the input arm were mounted together. In
this prototype a speed multiplier with a speed ratio of 5: 1
was mounted at the output of gear 1. The sun element of
the speed multiplier (output of the transmission) was con-
nected to the wheel of the wheelchair. The second part of
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Figure 11. (a) Side view of the manual wheelchair with the propulsion system. (b) Rear view.

the housing encapsulated the transmission, thus forming an
assembly which was subsequently joined to the chassis of
the wheelchair using screws, leaving the housing as the fixed
element of the transmission. An external pushrim was in-
stalled and connected to the input arm with the purpose of
introducing power to the propulsion system. As mentioned
in Fig. 1 there were two possible arrangements for the trans-
mission, and the decision was taken to mount the prototype
underneath the seat as can be seen in Fig. 11b which shows
a rear view of the wheelchair. This configuration does not

Mech. Sci., 9, 359-371, 2018

increase the width of the whole system. Once the prototype
was mounted, the transmission had a R; = 5/12.

The trials were conducted on a healthy subject with a
height of 1.80 m and a mass of 80 kg. The ramp used for the
trials was located at the main entry of a residential area, it had
a 10 % slope and a length of 15 m. The first trial consisted
of analysing the self-locking characteristic of the prototype.
The subject was told to remain stationary and not to move
the external pushrim. While the subject was on the slope in
an uphill direction the power input was transferred from the

www.mech-sci.net/9/359/2018/



(a, b) Different views of the propulsion system without
power input (system self-locks) during both ascending (a) and de-
scending trials (b). (¢, d) Different views of the propulsion system
with power input through the external rim (system moves) during
both ascending (c¢) and descending trials (d).

wheel to the output of the self-locking PGT (gear 1), provok-
ing the locking of the system and preventing the subject from
rolling backwards. In the same way, when the subject was
in a downhill direction, the prototype also self-locked. The
subject was comfortable and did not feel any risk of rolling
backwards or forwards while the prototype was locked. As
can be seen in Fig. 12, panel (a) shows the user on an uphill
ramp and panel (b) shows the user on a downhill ramp when
the prototype is in the locking position. The first trial demon-
strated that the system self-locked while the user was on a
ramp without any power input.

The second trial consisted of introducing power through
the external pushrim in order to test the motion of the
prototype. By moving the external pushrim of the proto-
type, the power input was transferred from the input arm
and thus moving gears 4 and 4/, provoking the motion of
gear 1 (output of self-locking PGT) and consequently mov-

ing the wheelchair. The subject was told to move the pushrim
at the speed he considered appropriate. While pushing the
wheelchair through various cycles and then halting the mo-
tion, the subject felt comfortable throughout the trial and did
not feel at risk of rolling backwards or forwards. Further, the
user did not feel the effects of inertia when changing between
a stationary position and motion. In Fig. 12 the user is intro-
ducing power to the system through the new external rim in
both ascending (panel c) and descending (panel d) ramps.
The ramp used was 10 % slope. Different repetitions ascend-
ing and descending the ramp were carried out.

It is evident that, on one hand, the system self-locks when
the power is introduced through the wheel in both ascend-
ing and descending trials (Fig. 12, panels a and b). This be-
haviour prevents the user from going backwards ascending
or going downhill while descending. On the other hand the
system moves while the power is introduced through the ex-
ternal rim (Fig. 12, panels c and d).

In this work, we have described the design of a new propul-
sion system applied to manual wheelchairs for the ascent or
descent of long ramps. The system consists of a self-locking
planetary transmission and a push rim through which power
is input to the mechanism. With this configuration, it is pos-
sible to design a system that makes it easier for the user to
ascend long ramps and that self-locks when the user stops
inputting power through the push rim. The chair therefore
stops without any need for an external braking mechanism to
be activated. Although the system is designed especially for
climbing long ramps since this is the least favorable situa-
tion, it also allows the descent of ramps. In addition, it can be
adapted to each user’s physical conditions by selecting each
transmission ratio according to that user’s needs depending
on the power that they can transmit.

It has to be emphasized that the system is made up of me-
chanical components and requires no external elements for
its activation or deactivation. This allows the user to push the
chair without fearing when it might be descending. Addition-
ally, when they wish to resume motion, they will not need to
overcome the force of inertia, but rather simply start pushing
the chair again. All this makes the design characteristics of
the propulsion system proposed in this work adaptable to any
user.

Finally, the transmission was also built and tested on a
manual wheelchair. In a qualitative way it has been demon-
strated that the system self-locks while both ascending and
descending a ramp when the power is introduced through
the wheels. It has also been demonstrated that the propulsion
system moves the wheelchair when the power is introduced
through the external rim. For future works, lighter materi-
als and considerations regarding the size of the device will
be taken into account. The device will also be tested on im-



paired users with lower limb injuries and further studies like
energy consumption and muscle behaviour will be analysed.

All the data used in this article can be obtained
upon request from the corresponding author.
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