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Abstract— Exoskeletons are increasingly helping people with

different applications. Regardless of what they were built for,
exoskeletons have a common discomfort problem from the
misalignment of robot and human joints. In this paper, a
fixation design for a lower extremity exoskeleton is presented. A
method was proposed to determine necessary passive degrees
of freedom of the designed brace system and to identify the
parameters affecting interaction forces and moments between
human and exoskeleton. The proposed method was validated by
analyzing the human-machine interface statically and dynami-
cally. The results show that the problem of undesired interaction
forces due to misalignment may be solved theoretically with the
proposed design.

I. INTRODUCTION

Exoskeletons have been improved over time to help hu-

mans in different areas such as power augmentation [1], and

rehabilitation [2]–[5]. These devices perform their tasks by

transmitting the torques and forces generated by their actu-

ators. Generated forces should be properly transmitted from

actuators to the user limbs through a human-robot interface

to accomplish the specified tasks while not disturbing the

user [6].

Other important features of exoskeletons are user-

friendliness, don/doff time, and are adjustable to the user.

These three stated conditions can be achieved together by

making the human-robot interface as simple as possible while

reducing possible discomfort caused by joint misalignment.

Alignment between exoskeleton joints and human joints

should be considered when designing a safe and comfortable

device [7]. Zanotto et al. [8] demonstrated the undesired

forces caused by a misalignment between the human knee

joint and the exoskeleton knee joint by adjusting the human-

robot interface. These forces can cause discomfort, pain, or

even dislocation of human joints [9].

This work was supported by the Scientific and Technological Research
Council of Turkey (TUBITAK) under Grant No. 118E922

The solutions proposed to deal with the misalignment

problem in the literature can be examined in three groups.

The first group of solutions only adjusts robot link lengths

or thigh-shank cuff positions without using any extra parts

or joints to decrease misalignment [10], [11]. This solution

is commonly used on exoskeletons where human joints are

considered to be hinge joints. Even joints of the human and

the exoskeleton seem to be close to each other, there can

be a mismatch between them during the initial connection

or a mismatch can later occur after a motion starts as most

human joints do not rotate about a fixed axis [12].

The second group of solutions uses self-aligning mecha-

nisms on the exoskeleton [13], [14]. This solution can be

effective but it increases design complexity, increases inertia

and creates difficulties in control of the system [7]. The third

group of solutions uses passive degrees of freedom (DoF)

on the human-robot interface [6], [15], [16]. This system

can reduce undesired forces, however, it does not take into

account the reduction of required assistive torques [7].

Some exoskeleton prototypes have additional passive

mechanisms to deal with the misalignment problem. For

instance, the VLEXO exoskeleton [16] has an additional

mechanism to allow movement along the thigh and shank.

Junius et al. designed a hip exoskeleton with three trans-

lational joints to provide hip joint motion. They have a

passive exoskeleton and they only tested its provided range

of motion [17]. Ergin and Patoglu propose a complex active

knee exoskeleton to control the knee joint motions in the

sagittal plane concerning misalignment [18].

Most studies have analyzed the problem of misalignment,

however, there are no methods, especially for lower extremity

exoskeleton braces, that can manage the transmission force

prevention for improved comfort and safety. To remedy this

issue, we propose a method to connect lower limb exoskele-

tons to human users via a fixation design to reduce undesired

interaction forces that may occur due to misalignment. As

a use case example, we target the hip joint which is fairly

complex and its connection to exoskeletons relatively more



challenging.

II. DESIGN OF HUMAN-EXOSKELETON INTERFACE

A. Design Requirements

Certain conditions must be met for the proposed design

to be successful to provide comfort to the user [19]. These

conditions are necessary to reduce unwanted forces caused

by misalignment, to decrease don-doff times, and to yield

a light, and adjustable design [20]. The design parameters

that will change the magnitude of the transmitted forces and

the internal forces acting on the device will be determined

initially. All these factors will be addressed in the design

process while keeping the complexity and size of the device

at a minimum level to achieve a user-friendly exoskeleton

system. In the proposed method, it was aimed to identify

passive degrees of freedom in the brace design such that the

forces caused by the axis malfunction could be reduced for

improved comfort.

B. Critical Parameters

To find the important factors that can change forces

and moments acting on the exoskeleton and the human-

exoskeleton interface, a series of static analyses on the human

and fixation system were performed; see Fig. 1. To this end,

the thigh part of the exoskeleton, the connecting element, and

the human thigh are modeled as simple rectangular prisms

as displayed in Fig. 2.

The points H, K, A, C, and D indicate the exoskeleton hip

joint, the exoskeleton knee joint, the position of the connector

on the exoskeleton thigh, and the connector on the human

thigh, respectively. Points B and C show the connection

points between fixation parts.

Black arrows in Fig. 2 indicate internal forces and mo-

ments. It is assumed that there is only one joint that pro-

vides torques for flexion-extension at point H, so the force

representation at point H is placed as forces in all three axes

and as moments in y and z axes. To render the system static

for this analysis, the human hip is considered to be fixed.

Derivation of forces and moments is trivial and not included

in the paper.

Equations (1-6) show the resulting internal forces and

moments transmitted from the exoskeleton hip to the human

thigh. F and M are the internal forces and moments, re-

spectively, W are the weight of the parts used in the system.

Active input torque from the exoskeleton hip is denoted as

τ . p represents position vectors of the connection points on

parts, i, j, and k are Cartesian unit vectors.
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Fig. 1. Human-robot fixation system together with the thigh link.
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Fig. 2. Human-fixation system is simplified with prisms
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C. Parametric Design

The parametric design was conducted to determine the

factors that will trigger the parasitic forces due to the

misalignment of the exoskeleton and human hip.

Factors affecting parasitic forces and moments were listed

according to their magnitudes, and then these were consid-

ered during the design process. The forces and moments in

the equations derived in Sections II-B include all parameters

encountered during the transmission of torque of the hip

motor through the exoskeleton frame.

Adjustable parameters are the length and weight of the

parts that affect the forces and moments during motion.

The sensitivity of the aforementioned parameters was in-

vestigated by varying a single parameter while keeping the

others constant. To find the interaction coefficient of the

parameters, the resulting moments are normalized using

the initial values. Adjustable parameters and their relative

interaction coefficients are given in Table I. The more these

parameters deviate from the unit value, the greater the effect

the parameter has on the exoskeleton design. Due to this



TABLE I

PARAMETRIC DESIGN RESULTS OF COEFFICIENTS

Parameters

Interaction
Coefficient

x y z

Exoskeleton thigh weight (W
HK

) 0.99 0.96 1.00

Weight of link AB (W
AB

) 1.00 0.99 1.00

Weight of link BC (W
BC

) 1.00 1.00 1.00

Weight of link CD (W
CD

) 0.99 1.00 1.00

Misalignment between the robot hip and
fixation point on the robot thigh

along the x-direction
1.00 1.05 2.13

Misalignment between the robot hip and
fixation point on the robot thigh

along the y-direction
0.97 1.00 1.01

Misalignment between the robot hip and
fixation point on the robot thigh along

the z-direction
1.07 1.00 1.00

Length of link AB (p
AB

) along y-direction 1.06 1.00 0.99

Length of link BC (p
BC

) along x-direction 1.00 0.59 0.18

Length of link CD (p
CD

) along y-direction 0.98 1.00 1.00

Misalignment between the human hip and
fixation point on the human thigh

along the z-direction
0.89 0.99 1.00

fact, the most prominent sensitive parameters appeared to

be the length of the second fixation on the x-axis (Link

BC in Fig 2.), the z-axis between the human hip and the

connecting element (from D to human hip), and the weight

of the exoskeleton thigh (weight of link HK). With these

critical parameters, boundary conditions were created in the

design. While optimizing the design, decisions were made

to reduce the parasitic effect from these critical parameters.

The exoskeleton design was made more user-friendly and

its usability was increased with the changes made in the

parameters that have less effect on the parasitic forces. Note

that, this process was completed on a static system, and the

dynamic analysis results on the finalized design are presented

in Section V.

D. Specifying Degrees of Freedoms for Fixation

The next goal is to reduce the parasitic forces with the

brace design by using passive degrees of freedom. To attain

this goal, the quantity and axes of passive DoFs to be

used in fixation must be specified. Jaresse and Morel’s [6]

method has been adapted to our lower exoskeleton design

to determine the number of passive DoFs. This method

can reduce parasitic forces and torques, but also the much-

needed assistive torques [7]. Therefore, this method was used

while keeping the goal of not reducing the required assistive

torques excessively. When determining passive freedoms, a

trade of was established between reducing parasitic forces

and maximizing assistive torques with this method.

Exoskeleton and human connectivity are modeled as two

serial chains connected with fixations as shown in Fig 3 [6].

Ri and Hi nodes represent exoskeleton and human body

parts, respectively. ri represents DoFs connecting robot parts,

fi represents human to robot fixatıons, and hi represents

the connections between human limb nodes. In our study,

the exoskeleton is considered as an active device while the

human user is considered as a passive serial chain. Fig
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Active

Human
Passive 
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f3
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h3=1

Fig. 3. Model consists of exoskeleton(left) , human leg(right) and fixations
between

3 represents a multiple loop kinematic chain which has a

minimum and a necessary number of variables to determine

the pose of the chain for a given configuration [21].
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Fig. 4. The exoskeleton is modelled as a one large rigid object

To check the stability of the Ri - fi - Hi connectivity,

the exoskeleton was assumed to have zero velocity and the

human-robot connectivity was modeled as a rigid object as

shown in Fig. 4. In this regard, the model assumes that each

human limb is stationary w.r.t. the exoskeleton.

Hi

R0 Hi-1

Exoskeleton
Active

Human
Passive 

Mi-1

fi

hi

Fig. 5. The model consists of an exoskeleton (left) , a human leg (right)
and the fixations in between

The model can be simplified further by numbering the

parts and fixations systematically as depicted in Fig 5. The

connectivity equation of the system can be written using

vector subspaces as follows [22]:

dim(V (mi)) = dim(V (fi)) ∩ (dimV (hi) + V (mi–1)) (7)

Equation (7) is expressed using space sum law for serial

chains and the intersection law for parallel chains [22].As a



starting base of the system, an assumption is made such that

the first bodies R0 and H0 are to be static in the system.

∀i ∈ 1, ..., n, dimV (mi−1) + V (hi) + V (fi) = 6 (8)

∀i ∈ 1, ..., n, dimV (hi) ∩ V (mi−1) = 0 (9)

dimV (mn) = 0 (10)

Equation (8) stems from the mobility of the system. M =
6(N − 1) where N is n + 1. In this equation, n is the

number of moving bodies in the system. To stop a body

from moving, the joint of that body and the precedent body

must be stopped, and this may be achieved by respecting (9).

Equation (9) states that Hi must be stopped, if the goal is to

stop Hi−1. The last target, imposed by (10), is to stop the

last body on the kinematic chain.

After the intersection equality rule1 is applied to (7), it

becomes:

dim(V (mi)) = dim(V (fi) + dim(V (hi)))

+dim(V (mi–1))− dim(V (hi)i–1)

− dim(V (mi–1) + V (hi) + V (fi))

(11)

Substituting (8) and (9) to (11), it becomes:

mi = fi + hi +mi–1 − 6 (12)

Equation (12) can be separated to three other equations.

If A,B and C are vector subspaces of E, then by using (8)

and dim(A) + dim(B) + dim(C) ≥ dim(A + B + C),
the minimum DoF (13),by applying dim(A) + dim(B) ≤

dim(E) and (9),the maximum DoF (14), and finally, by

including (10), the total DoF of the fixations (15) can be

found.

f(x) =
i∑

j=1

(fj + hj) ≥ 6i (13)

f(x) =

i–1∑

j=1

(fj + hj) + hi ≤ 6i (14)

f(x) =

n∑

j=1

(fj + hj) = 6n (15)

fj and h are representing DoF of robot and human joints.

Using these three equations one can have possible results for

DoFs of fixations as shown in Table II.

TABLE II

POSSIBLE DOFS FOR THE FIXATION SYSTEM

f3 4 3 2 1 0

f1 + f2 8 9 10 11 12

f1 3 4 5 3 4 5 3 4 5 3 4 5 3 4 5

f2 5 4 3 6 5 4 7 6 5 8 7 6 9 8 7

f1 , f2, and f3 represent the freedom in the thigh, shank

and foot linkages, respectively. In the first row of Table II,

1dim(X) ∩ dim(Y ) = dim(X) + dim(Y )− dim(X + Y )

possible DoFs for the connection element for the foot, f3,

are shown. In the second row, possible total DoFs of the

connection element for the upper and lower legs are shown

together (f1 + f2). In the last two rows of the table, possible

upper and lower leg DoFs are tabulated.

E. Selecting axes to be locked or unlocked

Movements that are not controlled by the exoskeleton must

be freed, e.g., hip internal-external rotation. To improve the

force transmission performance, the exoskeleton-controlled

movement axis must be locked such that the transmitted

forces could be in a perpendicular fashion to the human limb

along the sagittal plane. The particular axes along which the

exoskeleton does not provide assistive forces must be free

for user comfort.

In the human model, there are flexion-extension,

adduction-abduction, and internal-external rotations of the

hip. Concerning the target exoskeleton, there are no actu-

ators to assist the adduction-abduction or internal-external

motions. Since the exoskeleton in question cannot assist

in internal-external tibial rotation, the internal-external ro-

tational axis must be free. Moreover, there is no active

assistance along the longitudinal mechanical axis of the limb,

thus there must be linear freedom along the axis of the limb.

The designed exoskeleton will assist through the flexion-

extension axis, hence, the free movement of the human leg

along this axis should be restricted.

III. CAD DESIGN OF THE BRACE

Once the axes to be released and fixed were been deter-

mined, the mechanical design of the brace was completed

as shown in Fig. 6. Part 1 is the exoskeleton thigh. Part 2

is a linear rail and provides linear motion along the z-axis

(human limb longitudinal axis) to the fixation part. Part 3 is

the carriage and it holds the rod about the y-axis and slides

on Part 2. Rods are numbered as Part 4. Part 5 connects two

rods and provides rotation about the x-axis. Part 6 is a curved

rail and provides rotation about the y-axis and holds parts 7,

8, and 9. Parts 7, 8, and 9 can turn about the z-axis w.r.t. the

curved rail, part 6. Part 9 is the pad that is in contact with

the human thigh. Also, parts 5 and 6 can rotate about x and

y directions 180 degrees, respectively, to ease donning and

doffing of the device.

The parts would endure the high stress during the sit-stand

motion of the exoskeleton. During this motion, the maximum

force acting on the brace would be around 883 N. While

sitting, the legs carry about 15% of the total body weight.

Thus the load on each brace while sting is 375 N and it

would act about the y-axis of the fixed thigh coordinates.

The cuff of the brace (Part 8) is planned to be made of

flexible polyethylene material. Therefore, the user can easily

deflect the cuff while getting attached to the exoskeleton.

This material can deflect excessively in the elastic region and

this would increase the adaptation of the cuff to the human

thigh.



Fig. 6. CAD model of the complete fixation

IV. STRUCTURAL ANALYSIS OF THE BRACE

Since one of the goals is to achieve a safe and lightweight

brace design, components of the mechanism are tested

whether they fail or not under the determined load statically.

Part 9 is chosen as the fixed support to make the system

statically determined, and then 375 N is applied as a dis-

tributed load on Part 3, along the y-axis. 2,313,808 nodes

and 605,209 mesh elements were generated by the ANSYS

software to determine equivalent von Mises stresses in the

parts. Components are tested with the determined load and

the most critical part is the rod (Part 4) which is 10 mm in

diameter and the maximum von Misses stress found as 357

MPa.

Fig. 7. Stress analysis result of the brace. The largest stress occurs on the
surface of the rod supporting the brace

Fig. 8. Simulation models of the exoskeleton (left) and the fixation (right).

V. DYNAMIC ANALYSIS OF THE BRACE

The design is initially tested on sit-to-stand motion. This

motion creates varying forces and moments on the brace.

To determine and analyze whether the design can withstand

these loads, a simplified model was created in MSC ADAMS

software; see Fig. 8. The weights of the parts have been taken

from the CAD model and assigned to the ADAMS model.

The mass of the exoskeleton pilot was assumed to be 90 kg,

and half the weight was applied to the modeled human thigh.

The human and exoskeleton knee are connected to the ground

by revolute joints. As in CAD model, the model has three

revolute and one linear joints. The gravitational acceleration

is set to be perpendicular to the thighs. To move to the

system, only torque to the knee joint of the exoskeleton was

given and a standing-like motion was created. The resulting

forces and moments of the motion are given in Figures 9

and 10.

Fig. 9. Magnitude of the forces between the exoskeleton thigh and the
point where the fixation is connected.
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Fig. 10. Magnitude of the torque components between the exoskeleton
thigh and the point where the fixation is connected.

In Figures 9 and 10, the blue lines show the forces

and torques measured at the brace attachment point to



TABLE III

THE MAXIMUM REACTIONS ON THE HUMAN THIGH AND THE BRACE

Force [N] Moment [Nm]
x y z x y z

Max internal
reactions acting
on exoskeleton

0.47 181 358 3.22 42.9 21.6

Max reactions
acting on
human thigh

0.47 181 355 0.136 0.108 0.067

the exoskeleton as the exoskeleton is making a sit-to-stand

motion. The red lines indicate the forces and torques that

fixation exerts on the human thigh surface. As seen in the

graphs, forces and moments are changing with motion. The

maximum values of these forces and torques are given in

Table III. As desired, a very small amount of parasitic force

acts along the x-direction(coronal plane,horizontal). The

force acting along the y-direction(sagittal plane, horizontal)

is coming from the assistive force and initially starts at zero

and returns to zero when the sit-stand motion is completed as

expected. The maximum force along the z-direction(sagittal

plane,vertical) is caused by the weight and disappears when

the exoskeleton stands up. There should not be any moments

on limb surface so, one of our goals was to eliminate parasitic

moments affecting the human limb, and it can be seen in the

graphs that this goal was achieved.

VI. CONCLUSION AND FUTURE WORK

The presented work proposes a user-centered fixation

design to connect the patient’s hips to the lower limb ex-

oskeleton. The design is evaluated statically and dynamically.

Calculations and simulations are completed to create a proper

brace that satisfies our design needs. The final design is

adaptable, theoretically comfortable, will transmit enough

force and torque for locomotion while decreasing parasitic

forces, and it will not break under related stresses.

Forces acting on the brace along the x-axis and y-axis

can be minimized by using viscoelastic elements. It was not

possible to reduce the forces acting on the z-axis because it

is due to the total weight of the fixation system. On the other

hand, moments were decreased with the addition of passive

DoFs to the brace fixations.

In the design process, the most critical parts of the system

were analyzed. Their dimensions were optimized to carry

the stress of a human limb. The results show that the highest

von Mises stress value is 357 MPa and it is smaller than the

yield strength of planned aluminum alloys to be used.

The dynamic analysis of the system allowed us to compare

the forces and moments on the fixation connection point on

the human thigh and exoskeleton thigh. Upon the results

of the analyses on the dynamic analysis section, torques on

three axes are decreased to prevent moments on human skin.

As the next step, we will add viscoelastic elements for

further reduction of the parasitic forces and for integration of

the brace to a lower limb exoskeleton. Afterward, we will test

it to prove its practicality. Moreover, necessary adaptations

will be made to fit the design to connect the human shank

to the exoskeleton.
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