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Abstract— Ankle exoskeletons can assist the ankle joint and
reduce the metabolic cost of walking. However, many existing
ankle exoskeletons constrain the natural 3 degrees of freedom
(DoF) of the ankle to limit the exoskeleton’s weight and
mechanical complexity, thereby compromising comfort and
kinematic compatibility with the user.

This paper presents a novel ankle exoskeleton frame de-
sign that allows for 3 DoF ankle motion using a symmetric
parallel frame design principle resulting in a strong frame
while weighing 1.8kg. Furthermore, a cable routing method
is proposed to actuate the plantarflexion of the ankle. The
kinematic compatibility of the proposed exoskeleton frame is
evaluated in straight- and curve-walking scenarios with four
users. The study demonstrates that the exoskeleton frame
adapts to the natural 3 DoF ankle motion and the range of
motion (RoM) during walking. The actuation in plantarflexion
is evaluated in a stationary torque experiment demonstrating
the ability of the frame to transfer large torque loads of up to
57.4Nm. This work contributes to the design and development
of more flexible and adaptable ankle exoskeletons for walking
assistance.

I. INTRODUCTION

The ankle joint has three degrees of freedom (DoF),
supports loads up to four times body weight [1], and
provides a large portion of positive power during walking
[2]. Exoskeleton devices that assist the ankle joint achieve
significant metabolic reductions [3], despite limiting ankle
rotation to the sagittal plane. However, exoskeletons should
also account for the other two rotations, that is, all three DoF
of the ankle, as the ankle moves in all three DoF even during
sagittal plane walking [4]. Additionally, an ankle exoskeleton
should provide sufficient assistive torque for normal walking.
Zhang et al. [5] found that the optimal assistive torque
ranged from 0.61 Nm/i to 0.85Nm/g, which corresponds to
an assistive torque of 499Nm to 68 Nm for a 80kg user.
However, assisting while allowing all three DoF of the ankle
increases the mechanical complexity of the device, adds
weight, which reduces the benefits of assistance [6].

The kinematic compatibility, i.e., ability to adapt to
the posture of a human joint, depends on the adaptability
and DoF of a specific exoskeleton frame. An exoskeleton
frame is the mechanical interface that holds the exoskeleton
components in place and transmits the actuation torque to
the cuffs. Fig. 1 shows a comparison of several devices
from the literature based on their frame mass and support
torque. The devices are grouped into five design principles:
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Fig. 1. Ankle exoskeleton design principles and performance classified

by their frame design: parallel, symmetric, frontal, lateral, or exosuit. The
plot also indicates the number of DoF that each device allows for the ankle
joint. The "4 shows the exoskeleton proposed in this paper.

parallel, symmetric, frontal, lateral and exosuit. The weight
and torque performance of an exoskeleton differ according
to the frame design principle, making some designs more
suitable for reaching higher torques or higher kinematic
compatibility while remaining lightweight. In addition, frame
designs might have additional features such as direct encoder
measurement, weight support, and integrated torque sensing.

Farallel exoskeletons use three linear actuators around the
user’s leg to actuate all three DoF of the ankle joint [7], [8],
[13]. They are used mainly for rehabilitation purposes that
require high precision and control [23]. They can produce
large torques and feature direct encoder measurement, but
are bulky and heavy, which limits their applicability as fully
wearable devices.

Frontal exoskeletons use a single linear actuator in front of
the shin. These devices are lightweight [20] and can produce
large torques [21]. However, this principle does not fully
accommodate passive internal/external rotation (IR/ER) of
the ankle or feature an integrated angle measurement. Fur-
thermore, the linear actuator pushes the shin cuff upwards,
requiring a frontal frame to keep the cuff in place.

Soft exosuit exoskeletons rely on fabric and cables to
transfer assistance forces, and are therefore the lightest of
the five groups. These devices offer great adaptability to
posture and motion [9], [11]. However, they have a low
torque capacity that typically does not match the optimal
assistance torque range for normal walking. Furthermore,
they may not measure ankle angle or joint torque accurately.

Lateral exoskeletons use a rotary actuator at the side of
the leg, connecting the foot and shank interface only on one
side of the ankle. These devices are lightweight and have
a rigid structure [17], [18], [19]. However, the exoskeletons



relying on this asymmetric structure typically feature only 1
DoF and transmit only moderate torques.

Symmetric exoskeletons have a frame design symmetric
along the sagittal plane of the leg, with rotation bearings on
the lateral and medial sides of the ankle joint [14], [22]. This
design reduces the bending forces and allows for a thinner
and lighter, yet rigid frame. The lightest 1 DoF exoskeletons
in this category weigh between 0.5kg and 0.6 kg [24], [25]
and demonstrate large support torque of up to 120 Nm [26].
However, they mostly allow for plantar-/dorsifiexion (PF/DF)
movement and sometimes slight in-/eversion (IN/EV) move-
ment [26]. Few devices in this category allow for 3 DoF.
An example of such an exoskeleton with 3 DoF is by
Weerasingha etal. [10]. This exoskeleton actuates all three
DoF and features direct angle measurement, however it does
not reach full assistance torques and is one of the heaviest in
this category. An important example is the device of Mooney
etal. [12]. This design uses two struts connected to a hiking
boot to transmit the torques for assistance in plantarflexion
(PF). The actuator is placed on the shin. The hiking boot
allows some level of IN/EV and IR/ER motion, but the actual
DoF is not specified. However, it lacks a rigid connection
between the struts and the shank cuff, making it difficult to
accurately measure the assistance torque and the joint angles.

This analysis shows that symmetric frame designs achieve
the highest torques while remaining lightweight. However,
none of the existing devices in the literature combine the
following features: 1) a symmetric structure to build a strong
and lightweight frame, 2) an actuation method capable of
reaching the optimal assistive torque, 3) sufficient DoF and
RoM for the ankle joint, and 4) direct measurement of joint
torque and absolute joint angle. This paper proposes an
exoskeleton that meets these requirements.

The novel frame design and exoskeleton implementing it
are intended to assist the elderly and/or healthy individuals
who have at least basic motor functions. The inspiration
comes from our previous work [27], where a double rod
system was used to follow the rotation of the supina-
tion/pronation of the lower arm. The new frame design
combines this lower arm mechanism with several passive
DoF to allow for all three ankle rotations (3 DoF) with
additional adjustable passive DoF for adaptability to different
shoes and leg sizes. A cable routing method is presented to
actuate the PF motion that can reach the optimal assistive
torques. A mathematical model is derived to calculate the 3
DoF of the ankle based on the Motion Capture (MOCAP)
data. This model is then used to evaluate the effect of the
exoskeleton on the user’s ankle kinematics in a user-oriented
study, focusing on straight and curve walking. Finally, the
torque capabilities are evaluated using a stationary experi-
mental setup.

The rest of the paper is organized as follows. Section II
introduces the new exoskeleton design and its actuation
method. Section III describes the user study and the data
analysis methods. Section IV reports and analyzes the results
of the user study. Section V discusses the implications, lim-
itations, and future work of this paper. Section VI concludes
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Fig. 2. Exoskeleton shown left and the kinematic representation shown
right. The structure consists of several passive joints: "0 1 rotation
DoF joint, »(_ 3 DoF ball joint, »[J ) 1 rotation DoF with an encoder
and "I__1” 1 DoF adjustable translation joint.

the paper. Explanations on how to calculate ankle angles
from the MOCAP data are in the Appendix.

II. EXOSKELETON DESIGN

This section describes the new frame design, the exoskele-
ton that implements it, and the actuation method.

A. Frame design

The ankle exoskeleton is shown in Fig. 2(left), consisting
of two main parts: the Shank frame and the Foot frame.

The Shank frame features a novel kinematic structure that
adapts to a user’s ankle rotations. It has 11 DoF, including
several passive 1 DoF joints and two passive 3 DoF joints, as
shown in Fig. 2(right). Further features of the Shank frame
are the following: two cylindrical joints on each side of the
exoskeleton (J1, J2, J3, J4), as denoted in Fig. 2 (a), are
misaligned for compact integration of the magnetic encoder.
The two ball joints (J5, J6) connect each parallel strut to
the curved lever, as indicated in Fig. 2 (b), enabling IN/EV
and IR/ER of the ankle. A cylindrical joint (J7) connects
the curved lever to the exoskeleton cuff, as indicated in
Fig. 2 (¢), and also features the third encoder. In all, three of
the passive joints (J1, J2, J7) feature an integrated absolute
encoder (RMB20, RLS d.o.0.) to infer the ankle joint angles.

This passive joint arrangement allows for all three ankle
rotations, as demonstrated in Fig. 3. Rotating joints J1 and J2
in the same direction enables PF/DF motion. The rotation of
joints J3 and J4, in combination with joints J5 to J7, enables
the IN/EV motion. Opposite rotation of joints J1 and J2, in
combination with joints J5 to J7, enables the IR/ER.

The current Foot frame design is rigid with one passive
DoF for rotation of the forefoot, and several adjustable DoF
to fit different shoe sizes. The shoe is secured using toe and
heel bails adopted from crampons (Petzl, France).

The exoskeleton frame features adaptability in several
dimensions both for the Shank frame and Foot frame, as
shown in Fig. 2(right). However, the analysis of these manual
adjustments is beyond the scope of this paper.

B. Actuation

The exoskeleton uses a Bowden cable with a Dyneema®

rope. The rope is attached to a parallel strut (Fig. 2 (®),
routed through a pulley at the end of the foot frame lever
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Fig. 3. The proposed exoskeleton kinematics allows PF/DF (opp/pr), INJEV
(oqn/ev) and IR/ER (oggser) of the ankle joint.

(Fig. 2 @) and routed into a Bowden sheath (Fig. 2 (©).
Pulling the cable causes the PF motion of the frame. The
exoskeleton does not actuate in the dorsiflexion direction.
The Dyneema cables were removed during the study to
remove any influence of exoskeleton actuation.

An actuator unit was designed to exert torque on the
proposed frame to demonstrate its strength, and provide a
baseline for later actuator design. It consists of a 200 W
EC60 brushless motor, a 30 Nm 12:1 planetary gearbox, and
a 90 mm pulley. It uses the power and control circuit from
the ARMAR robots group [28] with a 20 A Gold Twitter
motor driver (Elmo Motion Control Ltd.). The static torque
tests in this work were performed using an open-loop current
controller. In the future, integrated torque sensing will be
used to design a closed-loop torque control.

III. MATERIALS AND METHODS

This section details the user study, joint angle calculation,
task segmentation, and static joint torque experiment.

A. User-study

The user study evaluates the effect the exoskeleton has on
the ankle angles of the user. In the study, the exoskeleton was
used passively without actuation. Four healthy participants
(three male, one female) participated in the study. Their in-
formation is summarized in Table I. The experiment protocol

TABLE 1
PARTICIPANT INFORMATION
Height [cm] Weight [kg] EU shoe size Age [yl
176.0 (10.2) 68.8 (6.1) 41.5 (1.7) 26.0 (3.6)
165-187 63-75 40-43 23-31

Values represent the mean, standard deviation and range.

was approved by the Karlsruhe Institute of Technology (KIT)
Ethics Committee under the JuBot project. All participants
provided written informed consent before the experiment.
The participants performed two tasks: 1) walk normal,
where they walked along a straight path and turned around
twice, and 2) walk eight, where they walked on a path shaped

like an eight, similar to slalom walking. The two conditions
were; withExo and noExo. The tasks were designed to test
the three rotations of the ankle: PF/DF, IN/EV, and IR/ER.
The dimensions of the path were as large as possible while
still allowing for continuous MOCAP.

Before the study, the Footr frame was adjusted based on
the participant’s shoe size. During the donning process, the
exoskeleton was aligned so that the ankle axis coincides
with the location of the user’s medial malleolus. During the
study, the motion of both the exoskeleton and the participant
were captured independently by an optical motion capture
system (Vicon Motion System, Ltd, UK). Passive markers
were attached to the exoskeleton and participant in a way
that all three rotations of the ankle joint can be tracked in
both conditions, as shown in Fig. 4.

B. Joint Angle Calculation

The leg markers were placed for easier vector based calcu-
lation of the ankle joint angles (see Appendix). Figure 4(left)
shows the markers and Fig. 4(right) shows the shank and foot
axes derived from them. The three ankle motions, PF/DF
(oprpE), IN/EV (0yn/EV), and internal/external (oqr/er), are
demonstrated in Fig. 3.

i Foot axis
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Fig. 4. Participant with markers (left) and a 3D plot of calculated shank
and foot axes (right) using markers depicted in blue.

C. Task Segmentation and Analysis

The raw angle data was first segmented based on the
heel switch activation to remove all transient strides. Next,
the orientation of markers m; and m, was used to extract
the turning direction of the participants in the walk eight
task, where vg = i, — mi;. This allows classification of the
strides based on the user rotation direction. The markers m;
and my were first centered at the origin using their midpoint
m1 2. Absolute rotation 6 in the room was calculated with
atan2 and unwrap functions with MATLAB®. The absolute
angular velocity @ is the derivative of 6. It follows that:

d
0 = unwrap(atan2(vgy,vex)) + /2, (1) @ = ae. (2)

The walking direction of each MOCAP recording was clas-
sified using @ with an empirically chosen threshold, as in
Fig. 5(left). The segmented path is shown in Fig. 5(right).
This classifies stride according to the angular velocity, where



® = 0 means walking straight, @ > 0 means turning left,
and @ < 0 means turning right. Once all of the strides are
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Fig. 5. Participant’s 6 angle and @ derivative (left) and position and

orientation in the room (right). The arrow shows the direction of travel.
Blue areas walking left: @ > 0. Red areas walking right: ® < 0.

classified, mean and standard deviation of all strides of all
participant are calculated.

The change in the joint angle trajectories of the motion
with the exoskeleton (withExo) relative to the motion without
the exoskeleton (noExo) were calculated as the root-mean-
squared error (RMSE) difference between these signal aver-
ages. A lower RMSE value corresponds to the joint angle
trajectory being more similar to the baseline signal.

Furthermore, the RoM for all conditions and tasks was
calculated by taking the maximum and minimum values of
the mean angle and its standard deviation.

D. Joint Torque Measurement

Nominal and peak joint torque was measured in a station-
ary setup restricted to only one DoF, the PF/DF of the ankle,
as shown in Fig. 6. The objective of this experiment was to
test the strength of the exoskeleton design and determine the
maximum actuation torque. The effect of the exoskeleton
actuation on the user is not evaluated at this stage, but will
be thoroughly investigated in the future.

In the experiment, the exoskeleton pulled on a load cell
(500N DCE, LCM Systems Ltd.) while in the neutral frame
rotation (Qpgpr = 0°). The joint torque was derived from
the reading of the load cell assuming a lever of 133 mm.
The exoskeleton frame was actuated by a sequence of step
signals with two different currents in a feedforward manner:
9.28 A (nominal motor current) and 19.5 A (maximum motor
driver current). The current was increased from a starting 3 A
to ensure the rope stays tensioned. After the experiment, the
mean and standard deviation of the torque, current and power
were calculated. The resulting torque, i.e., joint torque,
represents the torque the exoskeleton would exert on the
user’s joint.

IV. RESULTS AND ANALYSIS
This section presents the results of the user study and
stationary torque measurements.

A. Joint Angles

The ankle joint angles for different tasks and conditions
are collected in Fig. 7. The columns depict the three angles,
that is, PF/DF (aPF/DF)’ IN/EV (aIN/EV)’ and IR/ER (aIR/ER)-

transmission
motor drive

Fig. 6. Stationary experimental setup for evaluations of joint torque.

The rows represent the three tasks, that is, walking straight
(@ =0), turning left (w > 0), and turning right (@ < 0). The
red curves correspond to the noExo condition and the blue
curve to the withExo condition.

The results demonstrate that the exoskeleton follows the
3 DoF motions of the ankle, since the joint angles are
similar under all conditions. This is denoted by the similarity
between the red and blue curves and confirmed by the small
RMSE values. There are some subtle differences and phase
shifts between the curves, attributed to the rigid sole.

Figure 8 shows how turning affects RoM of the ankle.
When participants start the turning motion, the angles and
RoM change, especially ogney and oqrer. The RoM is
affected by the walking direction, especially for IN/EV and
IR/ER. Turning to the left or right causes a change in the
sign and magnitude of the RoM for these angles. The RoM
for PF/DF is less affected by the turning direction. In all
conditions, the ankle RoM is similar between the withExo
case and noExo case, again demonstrating the kinematic
compatibility of the exoskeleton.

B. Joint Torque measurement

Figure 9 displays the results of the torque experiment, with
Fig. 9(left) showing the resulting nominal and maximum
PF joint torque. Figure 9(right) shows the nominal and
maximum target current sent to the motor.

The proposed ankle exoskeleton can reach a nominal joint
torque of 26.8 Nm and a maximum joint torque of 57.4 Nm.
The actuator setup can reach a maximum power output
of 491 W. The oscillations observed in Fig. 9(left) are the
consequence of the open-loop control and the elasticity in the
aluminium construction elements of the experimental setup.

V. DISCUSSION

The similar ankle trajectories demonstrate the exoskele-
ton’s ability to follow the RoM of the ankle. However, the
shape of the angle curves was not unaffected. The rigid
exoskeleton sole is considered as one of the causes. It
enables a secure attachment of the exoskeleton to the shoe,
however, its rigidity may be the cause for the phase delays
observed in PF/DF from Fig. 7. This is supported by the
results of a previous study in the literature, where rigid soled
shoes were shown to cause similar effects [29]. However,
no literature was found to confirm the same for curved
walking. Although participants felt comfortable with the
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Fig. 7.

The average ankle angle for the noExo (red) and for the withExo condition (blue). The columns show the three ankle rotations: PF/DF, IN/EV,

and IR/ER. The rows show the three walking directions: straight (@ = 0), left (@ > 0) and right (®w < 0). The shaded areas show the standard deviation of
all collected strides from all participants. The black numbers show the RMSE as the difference between the withExo and noExo condition.

exoskeleton, they reported exoskeleton weight as a significant
disadvantage. Therefore, a lighter Foot frame and sole design
will be the first priority for improvement, thus reducing the
weight of the exoskeleton. Ultimately, the rigid sole will be
removed, following the approach of [26], leading to a better
utilization of the shoe’s own sole. This will be combined
with strength-to-weight optimization of the Shank frame.
The device’s weight and maximum torque position the
proposed device in the middle of the symmetric group
in Fig. 1. The device is lighter than all 3 DoF parallel
exoskeletons from Fig. 1, and lighter and stronger than the 3
DoF exoskeleton of [10]. The device of Mooney etal. [12] is
the only lighter and stronger that features 3 DoF. However, it
lacks sensors for accurate measurement of angle and torque.
Future strength-to-weight and actuation improvements will
position the device closer to the top left corner of Fig. 1.
The static joint torque measurement was restricted to
1 DoF to simplify the experimental setup. In theory, the
exoskeleton can provide PF assistance while allowing pas-
sive IN/EV and IR/ER of the ankle. However, during the
motion, the actuation forces may affect all 3 DoF and act
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the corresponding current and power shown right.

asymmetrically to twist the bars in the direction of further
rotation. This effect and its implications will be investigated
in the future.

VI. CONCLUSION

This paper introduces a novel 3 DoF ankle exoskeleton
with a symmetric frame design that can transmit large
torques. The proposed frame design enables new options
for design of lightweight ankle exoskeleton devices that
may feature 2 DoF or 3 DoF by benefiting from strength
advantages of symmetric frame design principles typically
used in 1 DoF exoskeletons.

The user study shows that the exoskeleton accomodates
the three ankle movement DoF in both straight and curve
walking tasks, which have not been extensively explored
in previous studies. Furthermore, the actuation experiments
demonstrate the strength and robustness of the symmetric
frame design. Future work will involve design improvements
and weight reductions, implementation of torque control and
further investigations through user studies.



APPENDIX

This appendix explains the calculation of the ankle joint
angles from the marker coordinates on the leg. Markers can
be seen as vectors of origin. For this calculation, only the
vector rotations are relevant and not their magnitudes. Vs and
Vr are the shank and foot vectors lying on the shank and foot
axes, respectively. Vs points from markers 77g 19 to 7734 and
VF points from markers 7 to 73 14:

Vs =34 —ig10. (3) VE=im13,14 —im11.  (4)

The midpoint vectors 73 4, ifig 10 and 77113 14 are the averages
of the respective markers.

The plantar-/dorsiflexion angle app/pr is between vectors
VE and Vs, and is calculated as:

VE - Vs
OpPF/DF = 75/2— acos <_,_.> , 5)
|Ve|[Vs|

where /2 is added to reflect the neutral position at 90°.

The in-/eversion angle aqn/gy describes how markers 771,
and my3 rotate around vector Vg. To calculate it, we need
a reference vector v, that is perpendicular to Vg, aligned
with Vg, and obtained by using another vector V; that is
orthogonal to both Vg and Vg:

\71 = VF X \75, (6) \72 = \7] X \71:. (7)

Fig. 10(left) shows both vectors in a 3D plot.
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Fig. 10. IN/EV calculation with relevant vectors shown left, and the

respective vector projections shown right.

The normal to vector Vg is required for both markers i
and /3 to calculate oqn/py. It is obtained through vector
projections, as shown in Fig. 10(right). Vectors d> and d3,
with their origins at 7711, point at the markers 1, and 77,3,
respectively:

dip =M —m,  (8) aiz =iz —mi.  (9)

Their projections on Vg:

A alz-v’p_, PR alB'VF—,
projg.di> = ————Vvr, (10) projy.aiz=—— (11)
VE - VR VE ' VF
lead to the normal vectors (as in Fig. 10(right)):
fiy = dix — projy.diz, (12) 73 =di3 —projsaiz, (13)

which results in the angles

Vo - 7i1n T V713 T
= = - =, QIN/EVb = aC0Ss N - —.
[V 712 2 [V2 |73 2

(14) (15)
Finally, aqnygv is the average of both ogn/pva and ogn/eve:

(16)

OQIN/EVa = acos <

omEY = (CaN/Eva + CaN/EVD ) /2.

The internal/external rotation angle ojgrEpr measures
how vector Vg rotates around vector Vs. oqr/er is determined
through a reference vector based on markers 75 and ;.
Two vectors @s and @7 point from g 1o to the corresponding
marker ms or i7:

ds = s — g 10, 17y a7 =iy —mg 0,

(18)
Fig. 11(left) shows both vectors in a 3D plot.
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Fig. 11. IR/ER calculation with relevant vectors shown left, and the
respective vector projections shown right.

Again, their projections on vector Vg

., ds-Vs ., d7Vs,
proju ds = s, (19)  projuds = ———>vs  (20)
Vs - Vs Vs-Vs
lead to vectors #s and #7, which are normal to Vs:
fis =ds —projgds, (21) 77 =da7 —projgaz.  (22)

Their ortogonals to Vg are calculated as cross products:

fiss =g xiis,  (23) fi7 s =i X Vs, (24)
and finally averaged to one vector
ﬁ (fiss +7i7s)
fisgs = SIS (25)
Next, Vg is projected to Vs to calculate 7
.. VRVs, L -
Projs Vr = s Ts Vs, (26)  fip = Vg —projVe.  (27)

Vector 7ip s is ortogonal to 7ig and Vs and calculated as:

’_’ip,S,F = Hp X Vs. (28)

Finally, oqr/gr is calculated as the angle between vectors
ﬁp,S,F and ﬁ5,7,5 as:

fis7,8 TipS F
OIR/ER = aACOS <p> — 77.'/27

= - (29)
|7is 75| |7ip.s F

where /2 shifts the neutral position for 90°.
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