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ABSTRACT
This article presents a design methodology

for exoskeleton-user connection attachments, i.e.,
braces, that aims to reduce parasitic forces and po-
tentially improve user comfort. The proposed brace
structure incorporates additional passive joints,
identified through a hyperstaticity analysis to min-
imize undesired tangential forces, e.g., rubbing
against the user skin. To assess the proposed
structure, we primarily conducted simulation experi-
ments using a human-exoskeleton coupled model in
an MSC-ADAMS environment. Subsequently, a se-
ries of real-life experiments was conducted using a
self-balancing bipedal exoskeleton with two distinct

∗Corresponding author: ozkan.bebek@ozyegin.edu.tr

dummy manikins. The results demonstrated the fea-
sibility of the proposed brace structure in reducing
the parasitic forces and slippage compared to con-
ventional fixation approach.

1 INTRODUCTION
In the last two decades, we have witnessed dra-

matic advancements in wearable technologies, par-
ticularly owing to their applications in power aug-
mentation and healthcare [1, 2, 3, 4]. Although some
studies have questioned the feasibility of these de-
vices [5, 6], systematic reviews suggest promising
future opportunities in these fields provided that per-
sistent issues are addressed. [7, 8].

One of the major persistent challenges is the
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unavoidable joint misalignment between robot and
human joints, as they belong to distinct kinematic
chains [9]. Unlike robot joints, human joint axes
may shift during the course of movement [10], which
further complicates alignment. This issue leads to
tangential parasitic forces, which may make the use
of exoskeleton an uncomfortable experience for hu-
mans and reduce safety to the point of excess pain
or joint dislocation [11, 12].

In reducing the problems that arise due to joint
misalignment, researchers developed exoskeletons
with adjustable links [13, 14]. While useful in its own
right, this approach may not fully minimize the mis-
alignment since human joint structures are complex
and their axis of rotation undergoes displacement
when performing complex tasks [15]. Therefore, fail-
ure in accurate alignment to human body anatomi-
cal structure would again lead to parasitic force. Al-
though the usage of soft materials with adjustable
exoskeleton links would effectively dampen the par-
asitic force, the long-term usability is still question-
able [9, 16].

In response to this matter, researchers de-
veloped self-aligning mechanisms where additional
joints are placed on the exoskeleton links to match
the robot to human joint axes [10, 17, 18, 19, 20,
21, 22]. This design approach provides an on-
the-fly adaptation to the human joints’ rotation axis
variation. It also significantly reduces the donning
(i.e., device on) time, which is crucial for several
applications [23]. On the contrary, it could lead to
technical issues, e.g., complicated mechanisms, in-
creased weight and size, and modeling uncertainties
due to kinematic loops [24]. Therefore, using com-
plex mechanisms in lower-body exoskeletons could
increase power and energy demands, which contra-
dicts its primary design considerations [25].

As an alternative, a series of passive degrees
of freedom (DOF) can be introduced between the
exoskeleton links and the braces [26, 27]. This al-
lows the brace to adapt its posture passively in a
way so as to minimize misalignment between the
exoskeleton and human joints, provided that hyper-
staticity analysis is conducted. Compared to self-
aligning mechanisms [10, 21], it is relatively less
complex and does not involve additional kinematic
loops. Consequently, it offers an efficient solution
and it was implemented to upper limb exoskeleton
devices [26, 27].

Building on the foundational research presented
in [27], this paper presents a novel exoskeleton
brace that can enhance the human-robot coupling
functionality for self-balancing lower-body exoskele-
tons. With the advent of such self-balancing ex-
oskeletons [25, 28, 29], the development of effec-
tive coupling braces has become a critical neces-
sity. In response to this need, this paper investigates

this issue and offers three contributions: i) through a
hyperstaticity analysis, the required configuration of
passive degrees of freedom for the novel brace was
identified and it was manufactured for experimen-
tal verification in the context of a self-balancing ex-
oskeleton [25], ii) utilizing a segmented, watch strap-
like bedding inspired by the design in [30], the pro-
posed brace integrates multiple force sensing ele-
ments to enable in-situ measurements without im-
peding exoskeleton mobility, iii) parasitic forces and
contact stability were quantitatively assessed in ex-
periments via in-situ measurements.

The rest of the paper is structured as follows:
Section II discusses the methods used to develop
the proposed brace. Section III presents the exper-
imental setup. Section IV discusses the experimen-
tal results. Finally, the paper is concluded in the last
section.

2 METHODS
2.1 Identifying the Passive DOFs for Fixation

To systematically identify the passive joints’ con-
figuration of the proposed the brace, we consider
human with n bodies connected to exoskeleton links
through n fixations; see Fig. 1. The human and
exoskeleton bodies are given as Hi and Ei, respec-
tively, where i ∈ {1, 2, ..., n}. Each human body is
attached to the exoskeleton via a brace. Each brace
is connected to the exoskeleton link through mech-
anism Li(li) with connectivity 0 ≤ li ≤ 5, where the
connectivity means the minimum number of joints
required to achieve the targeted mechanism struc-
ture [26]. For li = 0, the connection between the ex-
oskeleton and brace is completely rigid, and li = 6
corresponds to an unconnected brace. To determine
each li, we used a method similar to the one ex-
plained in [27].

Considering a human user in a static posture,
with the trunk rigidly attached to the exoskeleton
base, a mechanism subsystem Mi, which connects
the human to the exoskeleton body Ei is illustrated
in Fig. 1. The connectivity mi of the mechanism
chain Mi can be determined recursively based on
the connectivity ei of the mechanism chain Ei(ei),
the connectivity li of Li(li), and the preceding value
mi−1. The connectivity equation of the closed-loop
chain shown in Fig. 1 can be written using vector
subspaces as follows [31]:

dim(V (Mi)) = dim(V (Li) ∩ (V (Ei) + V (Mi−1))),(1)

where V (•) denotes the vector space, and the con-
nectivity mi is given as mi = dim(V (Mi)). Fur-
thermore, by investigating the schematic chain de-
picted in Fig. 1, the following physical conditions are
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imposed to ensure force transmission with reduced
parasitic forces.

1) The open-chain mobility Mi−1 − Ei − Li

should be 6. In other words, it should be capable of
moving in any position and orientation in the Carte-
sian space. This condition can be expressed as be-
low:

dim(V (Li) + V (Ei) + V (Mi−1)) = 6. (2)

2) When the body Ei stopped, no possible mo-
tion should exist for Ei−1. As a result, motion redun-
dancy is avoided, and uncontrolled motion is pre-
vented. This condition is equivalent to the following:

dim(V (Mi−1) ∩ V (Ei)) = 0. (3)

3) No motion should occur between the human
body and the exoskeleton body En. Consequently,
the mechanism subsystem Mn is fully constrained.
This condition can be represented as follows:

dim(V (Mn)) = 0. (4)

By applying dim(x) + dim(y) = dim(x + y) +
dim(x∩y), for any two arbitrary vector subspaces x
and y, and using the equations (1)-(3), the following
equation can be derived:

mi = li + ei +mi−1 − 6. (5)

In (5), m0 should be equal to 0 since the human
trunk and exoskeleton base are rigidly attached. Us-
ing the recursive structure of (5), a simpler form can
be yielded:

mi =

i∑
j=1

(lj + ej)− 6i. (6)

By applying the mathematical rule stating,
dim(x+ y + z) ≤ dim(x) + dim(y) + dim(z) for any
arbitrary vector subspaces x, y, and z to the eq. (2),
the inequality li + ei + mi−1 ≥ 6 can be derived.
Using Eq. (6), the inequality can be expressed as
follows:

i∑
j=1

(lj + ej) ≥ 6i. (7)

The eq. (7) is used to obtain the minimum
number of DOF required to be freed without over-
constraints. Since, for any arbitrary subspace vec-
tors x, y of space A, if x ∩ y = {0}, then dim(x) +

dim(y) ≤ dim(A), therefore, equations (3) and (6)
can lead to the following:

i−1∑
j=1

(lj + ej) + ei ≤ 6i. (8)

Equation (8) is employed to identify the maxi-
mum number of DOF that can remain free in the pas-
sive mechanism without inducing internal motions.
Using the recursive formula from (6), and the condi-
tion from (4), the following equality can be derived:

n∑
j=1

(lj + ej) = 6n. (9)

The equality in (9) is used to calculate the total
DOF that must be freed by the passive mechanism.

The valid connectivity configuration may differ
depending on the gait; when the leg is in swing
phase, the torso is assumed to be fixed, whereas
when the leg is in stance phase, the foot is assumed
to be fixed.

2.1.1 Fixed Torso
Fig. 2(a) shows the kinematic chains connecting

human segments to a lower-body-exoskeloton base
and its individual links concerning a single leg for
the case of fixed torso. The symbols (E0, E1, E2, E3)
corresponds to exoskeleton base, thigh, shank, and
foot, respectively. The symbols (E1,E2,E3) corre-
sponds to exoskeleton’s 2-DOF hip joint (e1 = 2),
1-DOF knee joint (e2 = 1), and 1-DOF ankle joint
(e3 = 1), respectively. The minimum and maximum
values for the connectivity 4 ≤ l1 ≤ 5 is obtained
using the eqs. (7) and (8). The upper limit for the
number of joints is 5; otherwise, the connection does
not exist. Similarly, the maximum and minimum val-
ues for the connectivity l2 are obtained via (7) and
(8) such that, l1 + l2 ≥ 9 and l1 + l2 ≤ 14. Using Eq.
(9), and number of connection points n = 3 the total
number of passive joints is (l1+l2+l3 = 14). As next
step, the connectivity l3 is obtained such that the to-
tal number of joints is 14. Consequently, the valid
connectivity combinations for (l1, l2, l3) are (4, 5, 5),
(5, 4, 5), and (5, 5, 4).

2.1.2 Fixed Foot
Fig. 2(b) illustrates the kinematic chains con-

necting human segments to a lower-body exoskele-
ton base and its individual links for a single leg with
a fixed foot. In this analysis, each exoskeleton leg
is considered separately, and the individual links are
rearranged so that the initial body E0 represents the
exoskeleton foot. The exoskeleton shank and thigh
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are denoted as E1 and E2, respectively. Braces with
passive joints are used exclusively to attach the hu-
man shank and thigh to the exoskeleton links. For
this configuration, n = 2, and the connectivities e1
and e2 correspond to the ankle and knee joints of
the exoskeleton. Applying the eqs. (7), (8), and (9),
the connectivities (l1, l2) are determined to be (5, 5).

2.2 Brace Design
The proposed brace was designed to transmit

the forces along the desired axis of motion while
suppressing parasitic forces along the other axes
as previously outlined. While achieving this goal, a
special emphasis was given to contain the size and
weight of the brace structure for enhanced comfort
[32, 33].

To this end, the brace is modeled as displayed
in Fig. 3. Points H, K, and D represent the exoskele-
ton hip joint, exoskeleton knee joint, and the con-
tact point between the human limb and brace. The
link HK represents the exoskeleton thigh. Segments
AB, BC, and CD represent the links between the ex-
oskeleton and human thigh, with lengths lAB , lBC ,
and lCD, respectively. The robot exerts the torque
τ at point H along the x-direction. The symbols
τDx, fDy, and fDz denote the moment and forces
exerted at the point D in x, y, and z directions, re-
spectively. To achieve the desired design objectives,
it is necessary to eliminate fDz (indicated by the red
arrow), minimize τDx (indicated by the green arrow
at point D), and maximize the force fDy (indicated
by the orange arrow).

Observing Fig. 3, the interaction force compo-
nents (τDx, fDy, fDz) could be mapped to the robot
torque τ as follows:

τ = τDx + fDylHA
− fDz(lAB

− l
CD

), (10)

where l
HA

is the length of the segment HA. Based
on (10), we conclude the following: (i) the moment
τDx can be eliminated by introducing a passive revo-
lute joint along its axis, thereby preventing stress on
the human tissues; (ii) the force fDy needs to be in-
creased, but the contact area should be sufficiently
large to reduce the applied pressure on the human
body; and (iii) the force fDz can be minimized by
incorporating a passive linear joint along its axis of
application, which helps avoid hyperstatic forces that
might otherwise act tangentially against the human
skin. The length lHA is selected to ensure user com-
fort, while the segment lAB − lCD is minimized to
reduce any residual forces arising from the vertical
force component fDz.

Additionally, two more degrees of freedom
(DOF) were added at point D based on the model
presented in [27]. Rotations about the z and y axes

were permitted to alleviate tangential and torsional
stresses on human tissues. To achieve the five DoF
for each brace as outlined in Section 2.1, it would
be necessary to release the translation constraint
of the brace in the x-direction. However, given that
the exoskeleton could exhibit minimal lateral motion
due to its actuated joint configuration, we chose to
utilize only the four available DOF instead, thereby
minimizing manufacturing complexity and improving
economic efficiency. Key design parameters, such
as the length and weight of parts, were tuned via
a parametric analysis [34]. While this analysis has
focused solely on the design of the thigh brace, a
similar approach can be applied to the design of the
shank brace.

2.2.1 Stress Analysis
The proposed brace must be lightweight yet suf-

ficiently durable. To evaluate this, the brace struc-
ture was analyzed under static loading with its pas-
sive joints fixed. A Finite Element Analysis (FEA)
was performed using ANSYS Workbench. The
analysis simulated an equivalent force correspond-
ing to a sit-to-stand motion exerted by a passive
user weighing 75 kg. For stress analysis, a force
of 375 N, approximately half of the user’s weight,
was applied to the inner cuff along the y-axis; see
Fig. 4. The ANSYS software generated a mesh with
2,313,808 nodes and 605,209 elements to compute
the corresponding von Mises stress values. Fig. 4
illustrates the stress distributions across all compo-
nents of the designed brace.

The material selection was guided by the FEA
results to ensure structural safety under expected
loading. Parts A and E are made of carbon-
reinforced Onyx, which has a tensile strength of 566
MPa; Parts B and D are made of aluminum 6061,
with a tensile strength of 496 MPa; and Part C is
made of ABS, with a tensile strength of 32 MPa
[35, 36, 37]. The analysis results indicate that Link B
experiences the highest stress, reaching 248 MPa,
as shown in Fig. 4. The cuff was designed with a
wide structure to reduce stress on the human limb,
and soft, ergonomic materials such as polypropy-
lene were used to enhance comfort.

2.2.2 Simulation Experiment
In order to test the effectiveness of the pro-

posed design approach for the brace, a human-
robot coupled model was constructed using MSC
ADAMS [38]. This model combined an anthropo-
morphic human model weighing 75 kg and mea-
suring 180 cm in length with a realistic model of
our self-balancing exoskeleton, named Co-Ex [25];
see Fig. 5. The human-robot fixation points were
configured to satisfy the connectivity conditions de-
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rived above. For comparison, another model was
constructed using the conventional approach, where
the fixation points did not include any passive addi-
tional DOFs. Both models were tested using smooth
stand-to-sit and sit-to-stand trajectories within the
MSC ADAMS/MATLAB Simulink co-simulation envi-
ronment [39].

The variations in interaction forces between the
brace and the human thigh are shown in Fig. 6. In
this figure, the solid blue and dashed red lines rep-
resent interaction forces along the y and z axes (Fy,
Fz), as well as the interaction moment about the x
axis (τx). Given that the stand-sit-stand motion oc-
curs predominantly within the sagittal y-z plane (see
Fig. 4), we analyze these components of the inter-
action force and moments. During the target motion,
Fy is the force to be transmitted to human model,
whereas Fz and τx are parasitic interaction forces to
be minimized.

The simulation begins with the combined
human-robot model in a standing position, followed
by a transition to the sit-to-stand phase, then to a sit-
ting phase, another sit-to-stand transition, and finally
back to a standing posture. For the case of conven-
tional brace, Fz and τx maintained a value of 200
N and 50 Nm, respectively, during the sitting phase.
They also showed greater peak values; 500 N for Fz

and 75 Nm for τx. On the contrary, the proposed
brace was able to minimize these undesired inter-
action force and moment, as they maintain a value
around 0.

The proposed brace design reduces the maxi-
mum interaction force along the y-axis to 108 N dur-
ing the stand-to-sit and sit-to-stand phases, main-
taining this value during the sitting phase. In con-
trast, conventional braces exhibited a significantly
higher interaction force of approximately 275 N. This
reduction is attributed to the mitigation of reactive
forces and torques caused by the misalignment be-
tween the centers of rotation of the exoskeleton
link and the human limb. Specifically, the reactive
torque generated in conventional designs increases
the supporting force component, leading to higher
transmitted forces. These additional forces ensure
that the passive human model achieves the desired
sit-to-stand motion, albeit at the cost of increased
interaction forces.

Furthermore, Fig. 7, displays the hu-
man model’s hip flexion/extension, knee flex-
ion/extension, and ankle dorsi/plantar flexion joints’
variations for both cases. As depicted in this fig-
ure, human model joints followed similar trajectories
in both brace types, the maximum differences are
3.23o, 6.33o, 7.65o, respectively. These results effec-
tively demonstrate that the similar stand-to-sit and
sit-to-stand trajectories are realized in both cases,
suggesting that the proposed brace does not alter

the target motion characteristic.
The simulation results demonstrated strong po-

tential for the proposed approach, showing that the
brace could adjust its posture passively. This capa-
bility led to a significant reduction in the resultant in-
teraction force. Consequently, the identified connec-
tivities, and the configuration of additional passive
DOFs for the brace, are validated.

2.3 Hardware Assembly
2.3.1 Manufacturing of the Proposed Brace

The CAD model of the assembled brace hard-
ware components is shown in Fig. 8. The brace
features three rotational degrees of freedom along
the x, y, and z axes and one translational degree of
freedom along the z-axis, as indicated by the blue
motion arrows in Fig. 8. This design incorporates
passive DoFs to minimize parasitic forces caused by
misalignments between the human and exoskeleton
joints, while also ensuring user comfort and safety.

The brace structure is supported by a Linear
Guide, which enables passive linear motion along
the z-axis to accommodate vertical misalignments.
A rod (Link 1) connected to the linear guide serves
as the base for the rotational motion of Connector
2. Connector 2, supported by rolling bearings at
the free end of Link 1, provides rotational freedom
around the y-axis to compensate for angular mis-
alignments. Link 2 connects to Connector 3, which
offers rotational freedom around the x-axis and also
functions as a curved guide, allowing the cuff to ro-
tate about the z-axis relative to Connector 3. Ad-
justable plastic collars and nuts are incorporated to
ensure proper fit, secure the components, and pre-
vent separation during use.

During operation, the linear guide adapts to ver-
tical movements, while Connector 2 ensures angu-
lar alignment along the y-axis. Connector 3 pro-
vides additional rotational flexibility along the x- and
z-axes, enabling the brace to follow the user’s natu-
ral motion. Additionally, the design includes a quick
detachment mechanism to enhance safety in unfore-
seen situations.

Fig. 9 presents the manufactured brace hard-
ware assembly. Fig. 9.a shows the brace as a
standalone component, while Fig. 9.b illustrates the
brace attached to the exoskeleton thigh. The pro-
posed brace design is constructed using lightweight
composite materials, including micro carbon fiber-
filled nylon (Onyx, Markforged Corp, Waltham, MA.),
ABS (Ultimaker B.V., Geldermalsen, the Nether-
lands), and space-grade aluminum. Despite the ad-
dition of a quick-release solenoid attachment, the to-
tal weight of the proposed brace is 869 grams, which
is only 220 grams more compared to the fixed brace
design.
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2.3.2 Sensor Deployment
To collect in-situ measurements at the brace

contact, we utilized Force Sensing Resistor (FSR)
(Interlink Electronics FSR UX 402, Irvine, CA, US)
elements due to its favorable characteristics when
properly calibrated [40]. To properly measure force,
FSR elements must be attached to rigid surfaces.
To this end, we manufactured a segmented watch
strap-like mechanism (see Fig. 10) made from
carbon fiber-filled nylon (Onyx, Markforged Corp,
Waltham, MA.) and deployed an FSR in each seg-
ment [30], making it a total of 7 FSRs. Thin plastic
cylindrical parts were used to concentrate the load
on the FSR’s active area. The top view of the FSRs,
cuff, brace, dummy thigh, and exoskeleton thigh in-
stallation are shown in Fig. 11. The FSRs are indi-
cated by light blue circles. The strap is tightened uni-
formly to ensure that all FSRs measure at least 10%
of its maximum value. Compared to existing solu-
tions, e.g., [41], we were able to deploy in-situ mea-
surement sensors which are tightly integrated within
the brace such that the mobility is not adversely ef-
fected.

In addition to the force measurement, the brace
center of pressure (COP) and its translocation veloc-
ity were obtained to evaluate how the forces aligned
with the parasitic axis and the contact stability. The
COP results are represented as an angle measured
counterclockwise (CCW) from the x-axis, with the
CCW direction defined as positive and the clockwise
(CW) direction as negative, following the convention
in [42].

3 EXPERIMENT RESULTS AND DISCUSSION
3.1 Experimental Setup

The self-balancing lower limb exoskeleton Co-
Ex was built in our laboratory [25] and it was used
as the experimental testbed in this study. The ex-
oskeleton has 8 torque-controllable active joints and
it can perform various motion profiles. In normal op-
eration, it is equipped with conventionally designed
braces.

To provide thorough results, we used the Co-Ex
left thigh brace as a baseline. We focused on the
left thigh brace, as similar results could be obtained
from the other braces. In one set of experiments, the
conventional brace was utilized. Subsequently, the
same set of experiments was conducted using iden-
tical motion profiles, but this time with the proposed
brace installed as the left thigh brace. Two lower-
body dummies with different weights were used to
simulate human leg limbs: a lighter dummy weigh-
ing approximately 6 kg and a heavier dummy weigh-
ing around 35 kg. Fig. 12 shows the lighter dummy
connected to Co-Ex links. The dashed lines repre-
sent the rotation axes of the exoskeleton and dummy

knee joints, illustrating the misalignment between
the Co-Ex and dummy joint rotation axes.

3.2 Experimental Results and Discussion
A set of 34 experiments was conducted for

each dummy, involving two different motion patterns:
squatting and swaying. The squatting motion in-
cluded two different amplitudes, 3.5 cm, and 5 cm,
for vertical torso displacement across four frequen-
cies ranging from 0.2 Hz to 0.5 Hz. The swaying
motion was performed at 0.25 Hz, 0.33 Hz, and 0.5
Hz, with three torso-to-vertical axis roll angles of 4°,
6°, and 7°. All motion profiles were executed for
both the conventional and proposed braces using
both the heavier and lighter dummies. Note that
self-balancing walking experiments were not feasi-
ble due to unavoidable low structural stiffness [43].

A segmented strap mechanism incorporating
FSRs was used to enable in-situ force measure-
ments at the brace contact while maintaining mobil-
ity. Uniform load distribution and accurate data col-
lection were achieved, offering improved integration
and functionality compared to existing solutions [41].

Fig. 13 illustrates the force variations measured
on the dummy’s left thigh for both the conventional
and proposed braces. Fig. 13.a and 13.c display
the forces recorded during squatting and swaying
experiments with the heavier dummy. Fig. 13.b and
13.d show the forces for the same experiments us-
ing the lighter dummy. The solid lines represent the
mean values, while the shaded regions indicate the
standard deviation (SD). Red lines correspond to the
conventional brace, and blue lines represent the pro-
posed brace data.

For both the squatting and swaying experiments,
the conventional brace exerts significantly higher
forces on the dummy’s thigh compared to the pro-
posed brace. Additionally, the force exerted by the
conventional brace exhibits greater fluctuations dur-
ing motion. These fluctuations arise because all
degrees of freedom in the conventional brace are
restricted relative to the dummy’s leg, causing the
leg to slide along the brace during movement. This
sliding results in measurement variations, particu-
larly due to the non-uniform cylindrical shape of the
dummy’s leg and the brace, which introduces para-
sitic forces. In contrast, the proposed brace offers
additional degrees of freedom, which help minimize
slippage between the dummy’s leg and the brace.
Consequently, the proposed brace’s ability to adapt
its posture passively to the exoskeleton’s motion re-
sults in a significant reduction in parasitic forces.

Numerically, using the proposed brace resulted
in significant reductions in both the average force
and peak-to-peak values. Specifically, for the squat-
ting experiments with the heavy dummy, the aver-
age force and peak-to-peak values decreased by
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16.22% and 77.96%, respectively. For the swaying
experiments with the heavy dummy, these values
decreased by 15.21% and 72.61%. For the squat-
ting experiments with the light dummy, reductions
were 14.74% and 69.31%, while for the swaying
experiments with the light dummy, reductions were
13.41% and 46.93%. These numerical results high-
light the significant impact of the proposed brace on
reducing parasitic forces. The substantial reduction
is likely due to the elimination of slippage between
the dummy limb and the proposed brace, facilitated
by its passive joints.

Since contact forces are measured using an ar-
ray of distributed FSRs, we can compute the cen-
ter of pressure (COP). In biomechanics literature,
COP is a crucial indicator of postural stability, and
higher variations in COP are considered a negative
indicator of postural stability due to improper con-
tact [44, 42]. Therefore, we collected COP data us-
ing in-situ measurements and assessed contact sta-
bility based on its variation, specifically its first time
derivative. Fig. 14.a and 14.c display the COP vari-
ations for the heavy dummy during squatting and
swaying experiments, respectively, while Fig. 14.b
and 14.d show the variations for the light dummy ex-
periments. The solid lines indicate the mean values,
and the shaded regions represent the standard de-
viation. Red lines represent the COP data for the
conventional brace, while blue lines represent the
COP data for the proposed brace. The results in-
dicate that the proposed brace reduces COP oscil-
lations compared to the conventional brace. The
peak-to-peak values of the average signals shown
in Fig. 14 are reduced by 80.31% and 72.75% for
squatting and swaying with the heavy dummy, re-
spectively, and by 74.1% and 26.94% for squatting
and swaying with the light dummy.

The variation in the rate of change of COP, de-
noted by ∆COP, is shown in Fig. 15. The ∆COP
variation for the heavy dummy during squatting and
swaying experiments is depicted in Fig. 15.a and
Fig. 15.c, respectively. Fig. 15.b and Fig. 15.d
illustrate the ∆COP variation for the light dummy
during squatting and swaying experiments, respec-
tively. The solid red and blue lines represent the
mean ∆COP values for the conventional and pro-
posed braces, respectively. The results show a
significantly larger ∆COP variation for the conven-
tional brace compared to the proposed brace, in-
dicating less slippage between the proposed brace
and the dummy limb. Consequently, the peak-to-
peak values for the heavy dummy during squatting
and swaying experiments are reduced by 69.06%
and 49.85%, respectively, with the proposed brace.
For the light dummy, the reductions are 90.26% and
50.40%, respectively. These results demonstrate
that the proposed brace significantly reduces slip-

page between the brace and the dummy thigh.

3.3 Statistical Analysis
We statistically analyzed the results presented

in the previous subsections to determine whether
the proposed brace provides statistically significant
improvements compared to the conventional brace.
We used eight datasets, with each dataset contain-
ing data from eight experiments. Each dataset was
obtained using either a heavy or light dummy, during
either squatting or swaying motions, and with either
the conventional or proposed brace. To define met-
rics, we measured the average brace force and the
peak-to-peak values of COP and ∆COP for each ex-
periment.

Analysis of variance was performed using Re-
peated Measures ANOVA to test the significant dif-
ference between braces for both dummies. We
used the MATLAB function ranova(•) at a signifi-
cance level of 0.05. There was a significant dif-
ference between the braces for the heavy dummy,
F (1, 7) = 45.2630, p = 0.0003, and for the light
dummy, F (1, 7) = 6.2895, p = 0.0405.

Afterward, a post-hoc test was conducted us-
ing Bonferroni correction with an adjusted signifi-
cance level of 0.0167 per test (0.05/3). The MAT-
LAB function multcompare(•) was used, and the re-
sults were displayed in Table 1. The analysis re-
vealed a significant reduction in average metrics val-
ues when proposed brace (M = 11.5985, SD =
6.7682) was used, compared to conventional brace
(M = 14.8831, SD = 4.4790) for the case of heavy
dummy. Regarding the light dummy, the metrics val-
ues are significantly lower when the proposed brace
(M = 12.3296, SD = 2.0071) was used, compared
to conventional brace (M = 21.6751, SD = 55.0660).
The p-Value and t-Value parameters for each pair-
wise comparison are reported in Table 1, columns 4
and 5, respectively.

The second and third columns show the mean
difference, ∆µ, and mean squared error, σ2

∆, of the
two braces in comparison. The last two columns dis-
play the 95% confidence interval (CI) for the mean
difference between the two braces. The results in-
dicate that the proposed brace is statistically more
favorable compared to the conventional brace con-
cerning both dummies. Furthermore, Fig. 16 and 17
illustrate the variation between the two braces based
on the averages of the three metrics for heavy and
light dummies, respectively. Similarly, the proposed
brace provided less variation when compared to the
conventional brace.

3.4 Limitations
The primary limitation of this study is the ab-

sence of human-involved experiments, due to the
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Dummy ∆µ = CB − PB σ2
∆ p-Value t-Value

95% CI

Lower bound Upper bound

Heavy Dummy 3.6891 7.2162 0.0003 4.7801 2.3925 4.9857

Light Dummy 9.3455 333.27 0.0405 2.5079 0.5338 18.1570

Table 1: Statistical significance among the two braces designs. The symbols CB and PB indicate the
conventional and proposed brace mean values.

ongoing verification of the safety layer for the lower-
body exoskeleton Co-Ex. Instead, we employed
dummy manikins with varying masses and mass dis-
tributions to simulate the passive response of spinal
cord injury users to the exoskeleton’s motions. This
methodology provides valid results and is applicable
to future studies involving human subjects.

Although the results demonstrate the function-
ality of the proposed brace, its actual performance
with human subjects remains to be validated. To ad-
dress this limitation, we are developing experimen-
tal protocols for human trials involving the Co-Ex ex-
oskeleton. Results from these human-involved ex-
periments and clinical evaluations will be reported in
future work.

4 CONCLUSION
This paper presented a novel brace design ap-

proach incorporating passive degrees of freedom to
minimize parasitic forces and enhance contact sta-
bility. Structural analysis, through static and dynamic
simulations, demonstrated its capacity to withstand
expected stresses. The dynamic analysis revealed
that integrating passive degrees of freedom effec-
tively reduces the forces exerted on the user.

Statistical analysis of the experimental results,
including ANOVA tests, confirmed significant im-
provements with the brace featuring passive de-
grees of freedom compared to the conventional
brace. The Center of Pressure (CoP) analysis high-
lighted the enhanced performance of the proposed
brace, as it effectively minimized parasitic forces
whilst maintaining contact stability, thus potentially
increasing comfort [20].

The proposed brace design with passive joints
adds minimal complexity compared to a traditional
brace, while significantly enhancing alignment with
human movement and offering greater comfort. This
design choice is justified by both theoretical and ex-
perimental analysis, demonstrating that the benefits
outweigh the complexity, making it a practical solu-
tion for exoskeleton applications.

While previous studies have explored the use
of passive DoFs in upper-body exoskeletons to

address misalignment forces [26, 27], these ap-
proaches have not been extended to lower-body ap-
plications. Lower-body exoskeletons present unique
challenges due to the higher interaction forces and
the need for alignment during activities like walk-
ing and sit-to-stand transitions. While parasitic force
reduction in lower-limb exoskeletons has been ad-
dressed through control-based strategies [45], joint-
level self-alignment mechanisms [46], and flexible
structures [47], a systematic mechanical design ap-
proach that introduces passive degrees of freedom
at the brace level to reduce parasitic forces has not
yet been explored. To the best of our knowledge,
this study is the first to implement and evaluate such
an approach in a lower-body exoskeleton design.

Overall, these findings demonstrate the efficacy
of the proposed brace design approach compared to
the conventional approach, addressing a critical gap
in the existing literature. The implications for future
exoskeleton and assistive device development are
significant, suggesting improvements in user safety
and reductions in discomfort or skin-related issues
caused by excessive forces during movement. The
proposed brace may be applied to other exoskele-
tons and evaluated with human participants in fu-
ture works, and has been tested under gait-like joint
trajectories to assess its performance in continuous
motion tasks.
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Fig. 1: The simplified connection model consists of an exoskeleton leg and a human leg and the fixations
in between them.
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Fig. 2: The simplified connection model between the CoEx leg and the human leg in a static posture. a)
Fixed torso schematic connection. b) Fixed foot schematic connection.

13



ASME Journal of Mechanisms and Robotics

Fig. 3: The proposed brace, connected to a human model with its equivalent free-body diagram.
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Fig. 4: The stress distribution over the proposed brace parts.
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Fig. 5: MSC ADAMS model used in the simulation experiments.
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Fig. 8: CAD model of the proposed brace for the right thigh
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Fig. 9: a) Unmounted brace from the exoskeleton. b) Mounted brace on the exoskeleton.
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Fig. 10: FSRs are deployed onto the watch strap-like mechanism. The placement of FSRs is for illustrative
purposes only and does not reflect any specific measurement strategy.
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Fig. 11: Top view of the dummy left thigh as tied to the proposed brace.
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Fig. 12: Dummy manikin tied to Co-Ex: a) Isometric view. b) Front view.
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a) b)

c) d)

Fig. 13: Force variation observed for the conventional and proposed braces during squatting and swaying
experiments.
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a) b)

c) d)

Fig. 14: Center of Pressure (COP) variation for the traditional and the proposed brace during squatting and
swaying experiments.
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Fig. 15: Rate of change of COP (∆COP) variation for the traditional and the proposed brace during squatting
and swaying experiments.
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Fig. 16: Mean±SD for each group of eight experiments involving the heavy dummy: (a) average brace
force, (b) peak-to-peak COP, and (c) peak-to-peak ∆COP values.

27



ASME Journal of Mechanisms and Robotics

Fig. 17: Mean±SD for each group of eight experiments involving the light dummy: (a) average brace force,
(b) peak-to-peak COP, and (c) peak-to-peak ∆COP values.
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