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Abstract—The wrist pronation and supination movement
is important in everyday manipulation tasks. Users with
limitations in this particular movement have severe impair-
ment. While advanced upper-arm exoskeletons can assist in
the pronation/supination movement, typically, the resulting
exoskeleton frame that combines both the elbow joint and
pronation/supination mechanism becomes heavy and bulky with
a large volume. We propose a new arm pronation supination
mechanism that is integrated into the exoskeleton frame and
has a reduced weight and volume penalty. The mechanism
functions via a double rod system, where the rods are guided
through a set of specially shaped grooves that finally result
in the rotation of the wrist component. The paper presents
a plastic rapid prototype built using 3D additive technologies.
The mechanism is actuated via a Bowden cable transmission.
Its underlying kinematics are experimentally evaluated using
an external motion capture system to identify its advantages
and disadvantages.

I. INTRODUCTION

Among the different human upper-limb joints, wrist prona-
tion and supination is one of the movements that enables
the human arm dexterity and performance at various tasks.
Limitation of this movement creates a major impairment for
patients during their daily life activities [1]. Exoskeleton
wearable robots intended for the upper-limb assistance, as
presented in, for example, [2], [3], assist also in the forearm
pronation and supination.

Biologically, the elbow joint is a combination of a hinge
joint and a pivot joint [4]. Therefore, the exoskeleton frame
has to allow for and comply with the elbow flexion/extension
movement as well as with the pronation and supination
assistance. The combination of flexion/extension and prona-
tion/supination is not easy to realize in the exoskeleton frame.
Most often, the pronation and supination rotation of the
exoskeleton frame is enabled via a circular bearing located
somewhere in-between the elbow and the wrist [5], [6]. This
bearing can be either only C-shaped, or a full ring. The
difference is that in the full ring case, the user has to put his
arm through the bearing ring when donning the exoskeleton.
The bearing diameter needs to be large enough for the palm
to pass through. On the other side, a C-shaped bearing allows
the user to put his arm through the opening from the side,
easing the exoskeleton donning and somewhat reducing the
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Fig. 1. Lower-arm pronation/supination assistance exoskeleton model.

bearing diameter. However, the C-shaped version might not
allow for a full-continuous rotation.

Such a ring bearing mechanism can be actuated via a direct
gear, since the ring diameter is large and achieves a relatively
big transmission ratio in combination with a smaller gear [7].
In contrast to the classical bearing design approaches, the
Harmony exoskeleton [8] presents a complementary solution.
Their mechanism is built on the side of the lower arm in a
compact form and allows for an external rotation, however
that requires a lot of space outwards, away from the lower-
arm.

Many times the lower arm frame is expanded onto the
user’s wrist joint [9], [10]. One way to assist at the hu-
man wrist joint is through a parallel actuated mechanism
[11], [12]. Use of pneumatic actuators offers another way
for actuation with the additional advantage of mechanical
compliance [13]. Meanwhile, the bearing ring bears the full
load of the subsequent components and despite being a very
rigid solution, it requires a large volume and results in a
bulky and heavy exoskeleton lower arm frame.

Assuming that the arm exoskeleton is fixed or grounded
at the shoulder, a lot of the weight is thus concentrated at
the lower arm area that is far from the shoulder joint. Such
an exoskeleton has a decreased dynamic performance due to
a higher inertia. A lighter robotic frame allows for a more
dynamic movement, reduces the energy consumption and



increases the intrinsic safety [14].

The motors take up a big portion of the devices weight.
Relocating the motors away from the exoskeleton’s joints
via a power transmission can reduce the frame weight.
Such exoskeletons typically employ a Bowden cable trans-
mission [15]. Most devices in a rehabilitation scenario are
stationary and the user movements are relatively slow. Here
the increased weight is not as problematic. However, a fully
portable exoskeleton version benefits from having a minimal
weight, not only to increase safety, but also to increase its
energy efficiency. A lower inertia also results in a more
transparent user experience.

This work proposes and kinematically evaluates a new
arm pronation-supination rotation degree of freedom for
an exoskeleton. A rendered image of the device and the
built prototype are presented in Fig. 1. The main benefit of
the proposed design are the two guided rods that replace
the traditional ring bearing to reduce the overall volume
requirements and weight. The proposed implementation is
actuated via a Bowden cable transmission. As an alternative,
a motor could also be integrated to directly drive the two
rods using gears. A prototype was built to test the feasibility
of the proposed experimental design and evaluate its ability
to rotate.

The manuscript is organized as follows: The new prona-
tion/supination mechanism is presented and explained in
Section II. Next, in Section III, a mathematical model is
constructed to calculate the necessary rotation paths and
groove shapes. Section IV presents the prototype and the
experimental evaluation of the mechanism’s kinematics. The
results are analyzed and discussed in Section V, followed by
a conclusion.

II. PRONATION SUPINATION MECHANISM

The mechanism is split into the wrist-end and elbow-end,
as seen in Fig. 2. The wrist-end is attached just behind
the user’s wrist as seen in Fig. 1. The physical interface
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Fig. 2. The components relevant to the mechanism’s actuation: elbow-end
(top) and wrist-end (bottom).

currently uses partially rigid straps for attachment onto a
user’s arm. Mechanism rotates the wrist-end component and
thereby transmits the force to user’s hand. The quality of the
partially rigid straps attachment will be evaluated at a later
date, as the present work evaluates only the rotation of the
pronation-supination mechanism. The elbow-end is attached
to the rest of the exoskeleton and does not rotate. It partially
supports the user’s forearm just in front of the elbow joint
using its attachment strap.

The wrist and elbow ends are connected via two rods
that can contract or extend for linear translation. The linear
translation of the rods is passive and not directly actuated.
The rods are connected at the elbow-end component via their
respective plastic rod end-bearing. Another pair of plastic
rod end-bearings is used at the wrist-end. Fig. 2 shows more
details. Any friction in the linear rods movement does not
prevent the rotation of the end wrist, however, the friction is
large enough to make the mechanism non-backdrivable. The
mechanism stays stable, because the two rods are positioned
at an angle relative to each other.

Fig. 3 shows the rotation of the mechanism. Observe that

elbow end wrist end
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Fig. 3. A 3D model of the lower-arm pronation-supination mecha-
nism while rotating from —90° through 0° to 90° around the prona-
tion/supination axis (PS axis).

the two rod system changes in its length during the rotation.
In Fig. 2, behind the transparent actuation pulley, observe
the grooves that guide the rods. Both rods are actuated via
the two pulleys. This is possible because the rods rotate in a
conical shape. Tracing a point on the respective rod results
in a quasi-circle trajectory. The quasi-circle is used to find a
center of rotation and exploited for the actuation pulley axis
placement. The center is approximated and located via three
points.

The rods are attached to the pulley with some compliance
in the radial direction for the compensation of any conical
shape imperfections. Both pulleys are actuated via a cable,



which is routed around them and comes out at the elbow-
end component. The elbow and the wrist components both
contain guiding grooves, which results in one free degree-
of-freedom of the whole mechanism. Additional smaller
pulleys are added to guide the cable through the elbow-end
component.

III. MATHEMATICAL MODEL

The mathematical model describes the rotation of various
points around a fixed axis and involves some distance calcu-
lations in order to trace the shape of the guiding grooves. It
is assumed that the human lowerarm or pronation/supination
axis is fixed to simplify the design at this stage. In reality,
the lowerarm axis center-of-rotation moves during pronation
and supination [17]-[19]. However, determining the exact
position of the rotation axis through the whole pronation-
supination movement range is difficult [17]-[19] and goes
beyond the scope of our research. The rotation limit of
the forearm pronation and supination is approximated to be
+90° [20].

Fig. 4 gathers the relevant parameters. The points
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Fig. 4. A simplified representation of the important parameters of the
mathematical model.

Pe1, Pey, Py1, Py represent the connection points for the two
rods. At those points, the two rods are connected to either
the elbow-end exoskeleton frame component or the wrist-end
through plastic rod end-bearings. To calculate the shape of
the elbow-end grooves, the wrist-end, i.e., the points Py, Py»
are rotated around the mechanism’s axis. For convenience,
the mechanism’s axis is placed on the z axis of the global
coordinate system.

Parameter L presents the distance between the elbow-end
and the wrist-end, projected onto the global = axis. Param-
eters x. and z, represent the distance of the tracing points
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Fig. 5. The length of “rod1” and rod2” during the rotation.

from their respective pivots and are selected empirically to
trace the curves at the desired distance. The length of the
two rods changes, as can be seen in Fig. 5.

The lengths D, and D,, represent the distance between
the rod-end bearings and indirectly the lateral size of the
mechanism. The larger the two lengths, the wider the mech-
anism. The lengths R, and R, represent the radius to the
mechanism’s axis and indirectly represent the diameter of
the user’s lower-arm.

The mathematical model parameters are gathered in Ta-
ble I. The coordinates of the mechanism pivot points are

TABLE I
MATHEMATICAL MODEL PARAMETERS

Parameter Value [ Parameter Value

De 80 [mm)] Dy, 30 [mm]
Re 65 [mm] Ry 45 [mm]

L 130 [mm] ) -90 - 90 [°]

calculated as:

D, Dy,
Pe] = |:O7_Re72:| ) (1) Pwl = |:L7'RW7 2:| ) (2)

D D
Pez = |:07_Re7_2e:| ) (3) PW2 = |:L7_RW7_2W:| . (4)

A. Elbow-end guiding grooves

To calculate shape of the elbow groove, the elbow-end
is fixed. The wrist-end points can be rotated using rotation
matrix transformation [21, p. 13]:

1 0 0
Wewi(p) = Py |0 cos(p) -sin(p) | (3)
0 sin(e) cos(y)

The points P.; and Wy, are used to calculate the length
of rod1 (Leroq1 () as it rotates for (:

Lerodl (90) - \/(Pel - WPWI (@))(Pel - WPWI (SO))/ (6)

Next, a point is placed on rodl at a distance (z.) from the
elbow-end pivot point. A relative distance factor de; (e, ¢)
is defined as:

Jel (Im 90) = ze/Lemdl (‘15)3 @)

where 0¢; (e, ©) is related to the desired distance z. and the
rotation of the wrist-end component .

Finally, the point at the relative distance de (., ¢) can be
traced:

Te] ($67 90) = Pel + (WPWI (SD) - Pel)(sel(xea SD) (8)
B. Wrist-end guiding grooves

To calculate the wrist-end guiding grooves, the same
procedure can be used as for the wrist-end, however, this
time the wrist-end is fixed and the elbow-end is rotated.

1 0 0
Weei(9) = Fer |0 cos(p)  —sin(p) | . )
0 sin(p)  cos(p)



The points P,; and Wy, are again used used to calculate
the length of the rods. To trace the trajectories of the guiding
groove, a point can be placed a distance (xy,) away from the
respective pivot point on the wrist-end.

The Lyyoq1(¢p) is the rod length as it rotates for ¢, and is
calculated using the following equation:

Lwrodl(@) - \/(Pwl - WPel (@))(PWI - WPeI(SD))I'
The coordinates at a specific distance can be found using:
(1D

where Oy (2w, @) is a distance factor related to the desired
distance z,, and the rotation ¢ of the elbow component.
Finally, the point can be traced to calculate the trajectory:

T (xW7 30) =Py + (WPel (90) - Pwl)(sw(xW7 90)' (12)

IV. THE PROTOTYPE AND THE EXPERIMENT

(10)

Ow(Tw, ©) = Tw/ Lyrod1 (),

The elbow-end is created using eq. (8). This creates the
curves T (e = 20, ¢ =-90° — 90°) and T¢(z. = 48, =-
90° — 90°). The wrist-end is created using eq. (12). The
result are the curves Ty (zy, = 10,0 =-90° — 90°) and
Tei(zw = 30,0 =-90° — 90°). These trajectories can be
mirrored along the x — y plane to create the bottom curves,
as seen in Fig. 6. Their negative equivalents can be traced
by flipping their z coordinates. The equations for the bottom
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Fig. 6. The elbow-end guiding groove trajectory in blue color and the
wrist-end guiding grooves in red color. The green line represents the two
rods. The blue/red dashed lines represents the position of the two rods at
the minimum and maximum rotation.

curves are therefore not written as they are mirrored in
a CAD software. Both the upper curves and the bottom
mirrored curves are shown in Fig. 6. In the CAD software,
the curves can be generated using the above equations and
then used to create the sliding surfaces. Fig. 7 represents a
simplified model of the resulting elbow-end and wrist-end.

Several strengthening features were later added/modelled
on top of both parts to increase their rigidity. The final
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Fig. 7. The initial CAD model of the guiding grooves on the elbow-end
and the wrist-end.

prototype can be seen in Fig. 1. The parts were manufac-
tured out of ABS plastic material using the 3D additive
technologies. The mechanical complexity of the plastic parts
is high, however, the parts can be further simplified and
later manufactured via more traditional technologies. The
current prototype serves mostly to investigate the feasibility
of the proposed mechanism, therefore, it does not need
to be very durable. The rods connecting both frame parts
were manufactured out of aluminium. IGUS Igubal® rod-
end bearings are used to connect the rods to the elbow and
the wrist-end part. An AS5047D encoder was integrated into
the frame, as shown in Fig. 1, to be later used for angle
measurement.

At this stage, only the mechanism’s kinematic properties
are investigated. The goal of the experiment is to measure
the actual rotation of the wrist-end component and compare
it to the predicted rotation.

Optotrak motion capture system was used to measure
the position of the six markers placed on the mechanism.
They were arranged in 2 triangle configurations. All mark-
ers can be seen in Fig. 8. Markers numbered 1, 2 and
3 were mounted onto the rotating element, such that the
mechanism’s rotation axis was approximately at the center
of the marker triangle. Markers 4, 5 and 6 were mounted
on the base of the mechanism and were used to monitor
the movement of the mechanism’s base. The system was
actuated via a Bowden cable transmission. At this stage,

A
Fig. 8.
and Optotrak active markers. The markers are numbered. The Optotrak

coordinate system is shown in the top right corner and oriented to be the
same as in the mathematical model and in the CAD model.

The experimental setup consisting of the mechanism prototype



feedforward position control is used to move the mechanism
in both directions. The movement started at 0 deg — -80 deg
— 0 deg — 80 deg — 0 deg. Due to the inaccuracies of the
plastic components and slack of the cable, the movement was
limited to approximately +80 deg instead of the initial £90
deg. The motor’s actual rotation is measured at the motor
shaft using a relative encoder. The motion of the markers
was measured and compared to the desired, commanded
behaviour.

V. ANALYSIS OF THE RESULTS AND DISCUSSION

The Optotrak system outputs the position coordinates
of each marker. Let M;(t) represents the time dependent
coordinate vector that describes the coordinates of marker
j at time t.

M;(t) = [zj(t), y;(t), %(t)] ; where: j€[¢c, 1,2,3,4,5,6].
13)
The M;(t) gathers the trajectory in relation to time, however,
the t is henceforth not written. Via the calculation of the
equilateral triangle center formed by markers 1, 2 and 3, the
mechanism’s axis is approximated with its centroid:

M + M, + M
M, = %7 (14)
where M, is the centroid of the marker (M, M;, M3)

triangle.

All the marker measurements are shown in Fig. 9.

It can be observed that the mechanism does rotate around
its axis when actuated through the pulleys. However, a lot
of position fluctuations are observed. Observe that the red
axis approximation fluctuates for =7 mm in the z and y axis
directions. The primary cause for these displacements are
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Fig. 9. The marker position data. The system has the same configuration as
shown in Fig. 8. Two additional views (top, front) are shown for better data

readability. The red line represents the centroid. The small circles represent
the start of the movement.

the tolerances and deformations of the plastic components.
Some error can also be attributed to the slack and stretching
of the Bowden cable. The cables were only lightly tensioned
to minimize the deformations and to stay in the acceptable
load levels of the plastic components. Higher tension in the
cable would improve the quality of the results in a more rigid
system.

The top view shows the axial movement of the mechanism.
This happens because both actuation pulley’s do not move
in phase. Since the system is not properly tensioned, due
to the reasons described above, there is some slack in the
cable that connects both pulleys. There are several smaller
pulleys that guide the cable. Their low-diameter results in
an increased slack due to the cable bending moment. This
slack causes the actuation pulleys to be out of phase. The
phase differences result in a larger distance between both
rods, which is again permitted due to the limited tolerances
of the plastic components.

One way to overcome this limitation would be to upgrade
the actuation pulleys (see the pulleys in Fig. 2) with three
bewel gears to lock the rotation between them. This can be
realized in the next design iteration.

It is assumed that the markers 1,2 and 3 lie on the y — 2
plane. The centroid coordinates can be used to move the
rotation center of the marker triangle, i.e., the mechanism
rotation axis, to the origin of the y — z axis plane. Thus we
can show the relative displacement of markers against the
centroid center. This is realized using the following equation:

M. = M; — M,; where: i€[1,2,3]. (15)

M;. are the vectors of different markers centered to the
origin.

The new markers (M., My., M3., M.) can be seen in
Fig. 10(left). As can be seen, the marker triangle rotation
results in three approximately coaxial circles. Since the
marker circles are nearly coaxial, the y and z marker
coordinates are used to directly calculate the rotation angle
of the mechanism. Thus, we avoid the coordinate system
transformations, which would not notably improve our angle
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Fig. 10. The center transformed marker trajectories are shown in left graph.
The right graph shows the comparison of the angle calculated from Optotrak
measurements, the AS5047D encoder and the encoder placed at the motor
shaft (with transmission).



calculation. The angles are calculated using arctan for each
coordinate of the marker trajectory. Note that in order to
operate in the area of small angles, each point is rotated by
the angle of its predecessor to calculate the angle difference.
The final angle is calculated using the cumulated angle
differences.

In Fig. 10(right), 3 different angle measurements are
shown. The measurement of the encoder positioned at the
motor represents the commanded rotation input. The Op-
totrak angle measurement shows the actual rotation of the
mechanism. Lastly, the AS5047D encoder serves as a means
to measure the absolute angle. The Fig. 10(right) shows the
quality comparison of its measurement against the other two.
As stated before, it is clear that there is a lot of stretching of
the cable, because the individual angle measurements do not
coincide nicely. However, their shapes show improvement
possibilities using calibration methods. The AS5047D can
ascertain the absolute angle of the mechanism, however, it
might not be of sufficient quality as a feedback signal to
control motors.

Overall, the mechanism is sturdy in lateral direction and
can carry weight. However, one of the current flaws is that
the mechanism carries a limited load along the rotation axis.
This flaw can be improved with the phase locking of the
actuation pulleys.

VI. CONCLUSIONS

The proposed mechanism rotates around its own axis
when it is actuated with the actuation pulleys. While the
performance is limited, at this stage, it can be attributed
to the lower quality of plastic components. Cable stretching
and cable slack are present because the Bowden cable is not
tensioned properly. The primary reason lies in the quality and
a limited strength of the plastic components, which originate
from the rapid prototyping. While several mechanism aspects
still need to be investigated, the current results support
further research development of the proposed mechanism.

In the future, the dynamic performance of the mechanism
and its torque transfer characteristics will be evaluated.
Currently, the actual user were not yet included in the design
iterations, but need to be considered in the future.
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