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Abstract— In rehabilitation exoskeletons, alignment of robot
and human joints is essential for comfort and performance.
Most exoskeletons have their actuators directly at the DOF
they control, despite performance being assisted by low move-
ment inertias. For our new upper-extremity exoskeleton, we
explored using a parallel robot for the auto alignment of the
shoulder axes and three serial links to drive the rotations.
We hypothesized that weight and inertia can be reduced by
relocating the actuators to the non-moving base of the device,
as others have done before. To investigate if this is indeed
beneficial, we evaluated all possible topologies for placing
motors and gearboxes and are here reporting on the best
candidates. We explored several drive trains that combine
coaxial axes and angular transmissions. As bevel gears show
backlash, are high in weight and large in size, three alternative
angular transmissions were investigated. After combining the
new angular transmissions with the possible topologies and
evaluating the 16 resulting combinations, we concluded that
for our new, high-performance exoskeleton, the most optimal
topology still is one with the motors and gearboxes placed
directly at the joint. The hypothesis therefore was disproven
for our usage scenarios.

I. INTRODUCTION

Stroke is a major cause for death and disabilities through-
out the world [1], [2]. Common symptoms are pain in the
shoulder, a decrease of range of motion, loss of motor
coordination and a loss of sensory feedback [2]. Research has
proven that intensive sensorimotor training using repetitive
novel movements is effective [3]–[5]. And using robots for
such training results in as good as or better results compared
to the standard training [6], [7].

At the University of Twente, we are developing a new
auto-aligning exoskeleton for the upper extremities that im-
proves upon our earlier designs [8]–[10]. A potential design
for this new device is depicted in Fig. 1. The exoskeleton
will be able to control the shoulder, elbow, wrist and fingers
individually, and will be used to do both unimpeded assess-
ment and neural system identification. Stroke patients often
suffer from abnormal movement coordination which might
be caused by abnormal synergy between muscles [11]. To
investigate this synergy, the ability to control the torques in
each joint independently and over a large range of motion is
essential. A strong exoskeleton robot is ideal for this purpose.

One challenge when using an exoskeleton is to keep its
axes aligned to the human joints. The shoulder girdle has
proven to be an especially difficult joint to keep aligned, as
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Fig. 1. A potential design for our new exoskeleton that uses a friction
transmission: one of the 16 subconcepts that have been investigated in this
paper.

the humerus rotation center translates involuntary upwards
with arm elevation [12]. Several mechanisms have been pro-
posed to solve this, most of which use additional structures to
keep the axes aligned [10], [12], [13]. For auto-alignment of
the shoulder in the new robot, we will use an additional delta
robot to allow translations and rotations in the shoulder to
be decoupled. In [10] several structures for decoupling were
compared. For translations the delta robot showed to have
the best ratio of torsional stiffness to mass. Therefore, in
this study the use of the delta robot is a given.

The exoskeleton should be able to be both stiff and com-
pliant. Compliance is needed for performing free motions
while not feeling the dynamics of the machine. Stiffness is
necessary for applying sudden position perturbations. Mea-
suring the neural reaction after such a perturbation helps un-
derstanding underlying pathophysiological mechanisms and
discover the cause of the problems in the synergy between
muscles of stroke patients. [14]–[16].

To achieve both stiff and compliant behavior, a stiff
robot that uses admittance control will be used [11], [17].
Admittance control has excellent haptic interaction [18] as
well as the ability to instantly switch from free motion to
stiff perturbations [11]. Also admittance control can reduce
the apparent inertia in the control loop to a certain degree.

As the apparent mass can only be reduced to a certain
degree and often this reducing comes at the cost of higher
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(a) Motors on base, gearboxes on base (T1-
MBGB).

(b) Motors on base, gearboxes on head (T2-
MBGH).

(c) Motors in base, gearboxes local (T3-
MBGL).

(d) Motors on head, gearboxes on head (T4-
MHGH).

(e) Motors on head, gearboxes local (T5-
MHGL).

(f) Motors and gearboxes local (T6-MLGL).

Fig. 2. Possible topologies for motors and gearboxes. On the left of every figure is a delta robot. On its head a 3-DOF serial linkage, representing the
shoulder joint, is placed. The fourth DOF in the picture is the elbow joint. Torques in the figure are based on an output torque of 100 Nm and a gearbox
ratio of 50:1.

demands on actuators and control loop, reducing the mov-
ing mass and inertia while maintaining structural stiffness,
will enhance the performance of the robot. This might be
achieved by relocating actuators and gearboxes to a non
moving base. A careful assessment should be made whether
the possible decrease in mass from moving these components
weighs up against the possible increase in complexity due to
for example the need of a drivetrain. Therefore, the goal of
the current paper is to determine if an alternative topology for
the motor, gearbox and drive-train would lower the weight
and inertia of the exoskeleton shoulder, and thereby assist in
achieve its performance requirements.

Therefore, the aims of this paper are to determine:

• which mechanisms allow torques to be transferred from
a relocated actuator position,

• if the weight of the exoskeleton joint can be minimized
by relocating actuators and gearboxes,

• how changing the position of motor and gearbox
changes the design compared to conventional exo-
skeletons.

Based on previous work and experience, we are designing
the new robot to be able to translate in a workspace of a cubic
300x300x300 mm and to rotate 360o in every direction. In
each direction it should be capable of handling torques of
100 Nm. These maximum torques should lead to a maximum
deflection of the endeffector of 5 mm and maximum angular
deflections of the drivetrain of 1o per 100 Nm.

This study summarizes the full overview given in [19],
with most attention given here to the two topologies with
the best performance.

II. TOPOLOGIES

The basis for finding the optimal design are the six
topologies in Fig. 2. The different topologies show the
possible locations for the motors and gearboxes in the 6-DOF
shoulder exoskeleton. The delta robot is displayed on the left
of every figure. On the head of the delta robot, a 3-DOF
serial mechanism is placed that rotates the shoulder. A serial
mechanism is needed here, as all rotational mechanisms
using parallel linkages do not have a large enough range of
motion for our shoulder exoskeleton. In the topologies, the
motors and gearboxes can be placed in the base of the delta
robot, at the head of the delta robot but before the rotational
mechanisms, or locally at the driven axis itself.

When the motors are placed in the base, a solution must
be found in order to translate the torque from the remotely
placed motors to the axis they need to rotate. As the shoulder
mechanism that will be used is a serial linkage, each DOF
rotates all the next DOFs in the series. This also means that
the first DOF will change the orientation of the second DOF.
Therefore the remote actuation mechanism for the second
DOF needs to be able to rotate around the axis of the first
DOF as well as the axis of the second DOF. Here we have
chosen to use coaxial axes with angular transmissions. An
example of how such a coaxial design would look like for a
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Fig. 3. Illustration of remote actuation using coaxial axes. In this figure
two topologies are displayed: Motor 1 is placed on the base or on the head
and has its gearbox at the same position as the motor. Motor 2 has the
motor placed at the base or on the head and the gearbox is placed local.
As can be seen, placing the gearbox local changes the loading on the shafts
and gears. (The gearboxes in the figure have a ratio of 50:1).

simple 2-DOF situation is shown in Fig. 3. Other solutions
using for example flexible shafts or cables are either not stiff
enough or have other theoretical and practical limitations.

In Fig. 3, the way to cope with the translations of the delta
robot and the way to translate the torque from the base to
its head are not shown. To allow fine control with minimal
vibrations a solution that rotates at a constant velocity is
needed. For this, double cardan shafts (propeller shafts) are
preferred over other constant velocity shafts as they have
a much simpler design that can be manufactured fairly
lightweight. Rzeppa joints or Thompson couplings might
have better constant velocity properties, but they are also
significantly heavier.

The angular transmission in Fig. 3 is needed as the two
DOFs are perpendicular. A common solution for angular
transmission is the use of bevel gears. These however show
backlash and are fairly heavy. Therefore other ways to get the
perpendicular transmission to work are needed. Alternatives
are investigated as well as how these combine with the six
topologies in Fig. 2. This is the basis for the subconcepts
that are presented in the next section.

The topologies affect how the parts in the construction
are loaded. Parts in front of the gearbox will be loaded by
a reduced torque but rotate at higher speeds. In Fig. 2, the
parts that are loaded with the high and reduced torque are
marked.

III. SUBCONCEPTS

A subconcept consists of a topology picked out of Fig. 2 in
combination with an angular transmission. Three possible an-
gular transmissions will be presented in section III-B: bevel
gears, friction drives, and cable drives. Topology T6-MLGL
is an exception on this approach. As this is the topology with
the motors and gearboxes placed local, cardan shafts and
angular transmissions are not needed. Only one subconcept
is needed for this topology. All the other subconcepts do
need a drivetrain. This is displayed in Tab. I.

A. Gearboxes and motors

Placing motors in the base will lead to different require-
ments than placing motors locally at the DOF they control.
Placing motors locally requires low weight, compact motors
and gearboxes whereas this is less important when they are
placed in the base. For convenience it is assumed that the
motors and gearboxes for every concept will be the same.
The high demands for having motors placed locally will be
used. From a control perspective backlash should be limited
as this could lead to instabilities of the admittance control
scheme. Friction, often a non negligible factor in gearboxes,
is not a big problem as this can be compensated for by the
control loop.

As admittance control will be used, having zero backlash
is important. Harmonic gear drives have zero backlash and
have small dimensions with low mass. Therefore these will
be used as a gearbox. The maximum delivered torque was set
at 100 Nm, a harmonic gearbox from Harmonic Drive AG
(CPL-2A-25) with a ratio of 50:1 can handle this torque.

As stated in Sensinger [20] outrunners are a good choice as
a motor in robotic applications in which both high torques as
well as high accelerations are needed. Although the inertia of
the outrunner might be higher than conventional commercial
brushless motors this is compensated for as the outrunner can
deliver more torque at a lower rpm. Therefore an outrunner
will be used. An estimation of the size and mass can be made
by combining data from catalogs and from experts from the
field. The motor is estimated to be a cylinder with a diameter
and height of 60 mm. It needs to handle a power of 2 kW
and be capable of delivering 2 Nm of torque. The weight is
estimated at 550 g.

B. Angular transmissions

As existing angular transmissions using bevel gears show
backlash, are fairly heavy and big, alternatives were investi-
gated. Two alternatives were found: friction drive and spatial
cable drive. A small description will be given here, detailed
information can be found in [19].

1) Friction drive: Friction drives work by pushing two
gears together. When turning one gear the generated friction
force will transmit the torque from one gear to the other.
For this study the required normal force is generated by
using a spring washer. By controlling the deformation of
this washer the normal force can be changed. An important
feature of friction drive is that they have a maximum torque
they can transmit. Exceeding this maximum will lead to
slippage between the gears. For use in an exoskeleton this
property can be used as a failsafe against overloading the
patient. Other features from friction drive are stated in [21]:
They can operate with negligible backlash, they produce low
noise and hardly any vibration and can operate very smoothly
at high speeds. In Fig. 4 the drivetrain of an exoskeleton
using friction drives is shown.

2) Cable drive: Cable driven gears do not suffer from
torque ripple, allowing a smooth transmission. When prop-
erly installed they have no backlash [22]. A big advantage of
using cables is the ease in which torque can be transmitted
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Fig. 4. Friction based drivetrain (’friction drive’) that transfers torques
through the shoulder structure via friction between perpendicular disks. Note
that to align the axes with the rotation center of the shoulder, significant
rerouting of the drivetrain is required.

over long distances. Example of an exoskeleton using this
principle is the Caden-7 [23]. It has its motors placed on a
remote base, cables transfer the torque from the motors to
the joint they control. For limited ranges of motion, smart
wrapping using helical grooves allows the cables to roll from
one gear to the other without inducing length-change stresses
or cable-on-cable friction. When using pulleys, the two
driving gears can be placed separately from each other. This
is useful as in most exoskeletal shoulder designs there needs
to be some distance between the gears to avoid collisions
or intersections with the human body. For driving in two
directions two cables are needed. In Fig. 5 the drivetrain of
an exoskeleton using spatial cable drives is shown.

C. Quick Evaluation

To achieve our goal of remote actuation, the 16 potential
subconcepts are evaluated. To reduce this amount a selection

Fig. 5. Cable based drivetrain (’cable drive’) that transfers torques through
the shoulder structure via cables between perpendicular disks. Note that to
align the axes with the rotation center of the shoulder, significant rerouting
of the drivetrain is required.

is made on size and mass. The results are given in Tab. I.
Topologies T1 to T5 need an drivetrain and therefore have
no workable solutions with no transmission. Topology T6
does not need a drivetrain as the motors are placed locally.
An analysis of the topologies using bevel gears showed that
when the gears are further in the drivetrain than the gearboxes
(therefore loaded with 100 Nm of torque) the gears need to
be big and therefore heavy. The shafts of the drivetrain also
contribute significantly to the total weight and inertia. There-
fore topologies T1, T2 and T4 were discarded. Topology
T3 and T5 showed to have the exact same topology when
using gears or friction drive. As friction drive has superior
qualities over bevel gears the topologies using bevel gears
were discarded. The topologies using friction transmission
with the gears that are loaded with 100 Nm of torque (T1, T2

TABLE I
SUMMARY OF EVALUATION OF SUBCONCEPTS FOR ALL TOPOLOGIES (SEE SEC. III-C)

Motor Base Head Local
Gearbox Base Head Local Head Local Local
Type T1-MBGB T2-MBGH T3-MBGL T4-MHGH T5-MHGL T6-MLGL
Angular Transmissions
None Not an option as each of the subconcepts T1-T5 needs an angular transmission Evaluated in

Sec. III-D
Bevel gears Too heavy due

to high torque
requirements in
universal shafts
and bevel gears

Too heavy due
to high torque
requirements in
bevel gears

Friction drive
has same
topology
with better
transmission
characteristics

Too heavy due
to high torque
requirements in
bevel gears

Friction drive
has same
topology
with better
transmission
characteristics

No drivetrain
needed when
motor and
gearbox are
placed locally

Friction drive Too heavy due to high normal forces Evaluated in
Sec. III-D

Too heavy due
to high normal
forces

T3-MBGL has
substantially
lower mass

Cable drive Too heavy and too big due to high
torque requirements

Too limited
range of motion
for required
multiturns

Too heavy and
too big due to
high torque re-
quirements

Too limited
range of motion
for required
multiturns
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Fig. 6. A: Total mass of the two remaining configurations. Also shown are the parts of the configuration that contribute to the total mass. On the left
the situation is displayed when the motor weighs 550 g, on the right this is displayed for the 1100 g situation. When motors weigh 550 g the T3-MBGL
weights slightly more. When the motor weight is increased to 1100 g the T3-MBGL shows to be significantly more lightweight. B: Inertia per DOF and
contributions of the subparts to the total inertia. As can be seen, the inertia for the T3-MBGL is higher than T6-MLGL every time. The drivetrain negatively
compensates for the inertia saved by not having a motor placed locally. For the second and third DOF the drivetrain even contributes significantly to the
total inertia as its inertia gets multiplied by the ratio of the gearbox squared.

and T4) showed to need too much normal force to transmit
this torque without slippage. The high normal force would set
high demands on the surrounding structures, therefore these
topologies were left out of further investigation. Topologies
T3 and T5 both are plausible concepts. However topology T5
closely resembles T3, a more detailed analysis showed that
the T5 topology will be significantly heavier as the motors
move around. Therefore concept T3 will be the more optimal
design and T5 is discarded. (Extensive detailing of the above
can be found in [19].)

The reduction leaves two concepts for the final evaluation:
T3-MBGL using friction drive and T6-MLGL, the concept
that is most used in current exoskeletons with motors placed
right before the joint they control.

D. Final Evaluation

From the remaining concepts detailed models have been
made in Solidworks. Using these models the total mass
and inertia can be determined. It is assumed that both final
concepts will use the same frame for holding the motors and
gearboxes. This frame is optimized for the design using fric-
tion transmission as this design sets the most requirements on
the design of the frame. As it needs a drivetrain the beams
of the frame should be straight so that these can support
the shafts of the drivetrain. Using the same frame for the
T6-MLGL concept leads to a non optimized design for this
concept (for a more in-depth discussion see [19]).

In Fig. 6a the masses of both remaining concepts are given.
As the assumed weight for the outrunner motors might be
on the low side two analyses have been done. One with a
motor of 550 g, the other where the motor is 1100 g. For
the T3-MBGL concept there is no difference between these
two analyses as the motor is on the non moving base. e
Surprising is that there is hardly any weight saving when
relocating motors to the base. The drivetrain adds the same
amount of weight that is saved by relocating the motors.
When the motors weigh 1100 g the effect of relocating the

motors to the base is bigger. In this case relocating leads to
an improvement.

In Fig. 6b the inertias of the final concepts are given. The
given inertias are equivalent inertias felt at the arm of the
patient. It is assumed that when increasing the weight of the
motors, the inertia of actuating the motors in unchanged. It
does however have an effect on the inertia of moving the
motors around. This effect is included in the frame part. As
the T3-MBGL has non moving motors there is no difference
in inertia when using heavier motors using the just stated
assumptions. Having a higher total mass would not be a
problem if this weight would be better distributed over the
total design. It was hypothesized that a drivetrain would do
this. However looking at Fig. 6b gives a different image.

The inertia of the T3-MBGL concept is higher on almost
every DOF for both the low mass of the motor as the high
mass. Looking at the figures this can be explained by the
contribution of the drivetrain. This is only a little for the
first DOF but increases for the subsequent DOFs. The high
contribution can be explained by looking at the definition of
the equivalent inertia. The equivalent inertia at the output of
a gearbox is calculated by multiplying all the parts at the
input by the gearbox ratio squared: in this case this leads to
an amplification of 2500. Decreasing the gearbox ratio might
lead to a reduced equivalent inertia however decreasing the
gearbox ratio would also lead to an increased load on the
components. These would therefore need to become bigger
and the gearbox ratio has to be decreased again. The effect
of reducing the gearbox ratio was therefore estimated as not
significant and could even be negative.

IV. DISCUSSION AND CONCLUSION

This paper set out to optimize the motor, gearbox and
drivetrain topologies in a 6-DOF self-aligning exoskeleton
shoulder. It is hypothesized that relocating heavy parts as
gearboxes and actuators to a non moving base can reduce
the moving weight and inertia. From 16 possible options two
feasible lightweight shoulder designs can be deduced. The
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first one uses motors that are relocated to the non moving
base of the delta robot. As the motors are in the base a
drivetrain is needed to get the torque from the motor to the
actuated DOF. This is done by using friction transmission.
During this study, the friction drive showed to have excellent
properties compared to other ways of angular transmission
that have been found. The other remaining design uses a
more conventional exoskeletal design where the motors are
placed local, just in front of the part they control.

Analyzing these two concepts leads to the conclusion that
when using very lightweight outrunner motors (550 g) for ac-
tuation of the exoskeleton, relocating motors and gearboxes
towards the base is not the best solution.

The concept with motors placed locally has a lower weight
and lower inertia than the concept with the relocated motors
on every DOF. It scores better while it uses a frame that is
optimized for the concept with the remotely placed motors.
Therefore it can probably score even better.

As the estimation of the weight of the outrunner motors
might be on the low side another analysis has been done
using motors of 1100 g. It was found that then relocating
motors, compared to having motors locally, saves around
2 kg on the total weight.

Looking at inertias, the concept with the relocated motors
has a lower inertia for the first DOF, at other DOFs the mo-
tors placed local still scores better. The slightly higher inertia
of the first DOF can probably be improved by optimizing the
frame design for the concept with the motors placed local.
Moreover even if the concept with relocated motors performs
slightly better, placing the motors local might still be a better
choice because of its simplicity. The need of a drivetrain
when relocating the motors, greatly increases the number
of needed parts. Not only can all these parts be sources of
disturbance, they also increase the chance of a failure.

As the frame for both concepts is a big contributor to
the total mass, it is probably more worthwhile to invest in
finding the most optimal configuration of the axes of the
exoskeleton in combination with an optimized frame than
focusing on relocating actuators and gearboxes. More can
be gained when using motors placed locally on redesigning
the shoulder as it allows for more configurations and more
flexibility in frame design.

Having a drivetrain sets serious restrains on both the
configurations that can be used and on the shapes that can be
picked for the frame. Therefore for the exoskeleton proposed
in this study the most optimal motor, gearbox and drivetrain
topology is placing the motor and gearbox local just in front
of the DOF they control.
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