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Abstract—This paper presents a framework to optimally
tune the stiffness values of spring-supported passive joints that
are included in lower body exoskeletons. First, a dynamic
model of a combined human-exoskeleton system was created
in MSC.ADAMS software. Second, a gradient-descent based
algorithm was used to find the optimum value to minimize
the ZMP for a range of ankle stiffness values. In order to
corroborate the proposed method, simulation experiments were
conducted by considering three cases in which different body
mass and heights were assigned to the combined human-
exoskeleton system. The simulation results indicate that the
proposed methodology is effective in order to find the optimum
ankle stiffness for the combined human-exoskeleton systems,
resulting in reductions in ZMP variations and therefore in-
creasing the balancing ability. As a consequence, it may be
possible to reduce the number of active joints in exoskeletons
that aim crutch-free 3-D walking motion support.

I. INTRODUCTION

Powered lower body exoskeletons are proven to be useful
systems to help paraplegics gain walking ability with the aid
of robots [1]. The state-of-the-art lower body exoskeletons
usually have two active degrees of freedom (DoF) at the knee
and hip joints, along the flexion/extension (F/E) axis [2]—
[9]. Such a kinematic configuration can move the user’s leg
forward; however, it does not suffice for balancing or even
standing still. Therefore, the user needs to involve her/his
upper body via crutches to maintain static balance.

In order to achieve self-balancing during robot-aided
walking, it is required to increase the number of active
DoFs. For example, an active ankle joint along the flex-
ion/dorsiflexion (D/F) axis is necessary [10], [11]. Moreover,
the 3-D walking motion dictates that the Human Body Center
of Mass (BCM) must be laterally swayed; therefore, a hip
adduction/abduction (A/A) joint should be added as well
[12], [13]. Following this strategy, a crutch-free walking
support could be provided by the fully-actuated exoskeletons,
which also include an active ankle I/E (roll axis) joint [14],
[15].

Increasing the number of active joints evidently helps
the cause of self-sustained walking with the expanse of
increased overall weight. In particular, the high torque output
requirement enforces engineers to make use of large motors
with gear boxes, causing these systems to be relatively bulky.
This may reduce the patient acceptance and may cause
comparatively slow walking performance.
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Fig. 1. The changes in ZMP and upper body torso angle with the addition
of an ankle I/E joint compared to a fixed ankle joint. For the case of no
passive ankle I/E joint, the hip A/A rotation must be large to provide the
desired CoM position. In contrast, for the case with passive ankle I/E joint,
the hip A/A joint rotates less as the ankle I/E joints also contributes. As a
result, both torso angle and ZMP can be well contained.

In [16], it is shown that the the minimum requirement
to realize 3-D walking motion is by equipping each leg
with 4 active joints, namely, a 2-DoF hip joint along the
F/E and A/A axes, a 1-DoF knee joint along the F/E axis
and a 1-DoF ankle joint along the F/E axis. While this joint
configuration provides the means for a kinematically feasible
walking motion, the upper body orientation along the lateral
axis is relatively large when compared to a healthy person’s
upper body motion; see Fig. 1. This leads to aggressive
changes in the Zero Moment Point (ZMP), an important
balance criterion to assess the consistency of walking motion
[17].

One possible solution to the aforementioned problems is to
make use of spring-supported passive joints [18], [19]. Since
the robot-aided paraplegia walking support includes pre-
determined trajectories, one may exploit the passivity prop-
erty via offline simulations to come up with an optimum stift-
ness value that provides relatively more efficient locomotion.
An exemplary work that exploits the spring potential was
provided by Tsagarakis et al., where the stiffness values were



optimized for maximum energy efficiency of a humanoid
with series elastic actuators (SEA) [20]. A similar approach
was executed by exploiting the base resonance frequency to
generate hopping locomotion [21]. Springs were also coupled
with clutch mechanisms to provide power assistance [22].

Despite the fact that the efficacy of passivity were well
demonstrated in the legged locomotion research, only a
handful of exoskeleton systems are equipped with springs
[19]. Considering the fact that the recent trend in exoskeleton
hardware development suggests increasing the number of
active joint for greater motion flexibility, we argue that
spring-supported passive joints may provide the same effect
while reducing the power consumption, weight and size.
The stiffness tuning on the other hand has not been fully
addressed and this paper aims to contribute towards this
direction.

In the light of the facts discussed above, this paper presents
a framework to optimally tune the stiffness values of spring-
supported passive joints of exoskeletons. In particular, we
focused on the 4-DoF-per-leg model provided in [16], and
added a spring-supported passive ankle joint along the inver-
sion/eversion (I/E) axis. Using MSC.ADAMS and MATLAB
co-simulation, an optimization routine was devised to explore
the optimal stiffness value that minimizes ZMP to improve
active balancing. For a given target sway trajectory, we
showed the variance in optimal passive joint stiffness values
with respect to overall mass and height of the combined
human-exoskeleton system in question.

II. METHOD
A. Compliant Body Modeling

An MSC.ADAMS (version 2016) model was developed
to simulate dynamics of the system, where the equivalent
parameters representing the combined human and exoskele-
ton system such as mass, inertia were used; see Fig. 3. The
input data for exoskeleton parameters were obtained from
the modular design of Bartenbach et al. [18], in wihch CAD
data for an exoskeleton with 8 active joints was shared
publicly. The actuator specifications were obtained from
[23]. Whereas, human parameters were obtained from [24]
and [25]. The following modeling approach was taken into
account to model distance between Hip A/A and Hip E/F
joints: The femur head was accepted as the Hip A/A joint’s
rotation axis and the Hip E/F joint to Hip A/A joint length
value was adjusted in accordance with the distance between
fovea capitis and greater trochater of the femur; see Fig. 2.
Additionally, in accordance with Leardini et al.’s data [26],
maximum deflection of the ankle’s passive joint was limited
to 20°.

As depicted in Fig. 4, spring torques from the passive
joints of the system, were calculated in MATLAB software.
MSC.ADAMS model was exported as a transfer function to
MATLAB/Simulink using ADAMS.Controls plug-in, where
the inputs to the model were active joint angles and the
torque values created by the passive springs on the ankle’s
I/E joints, while the outputs were the angles and the angular
velocities of the ankle’s I/E joints and the Reaction Force
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Fig. 2. CoM positions of the exoskeleton joints, joint configuration of
the exoskeleton and the overall CoM position of the combined exoskele-
ton/human model

(Fz) and Pitch Moment (Mx). For every time step, the torques
were calculated from Simulink and sent to MSC.ADAMS.
Similarly, MSC.ADAMS model calculated the angles of the
joints and sent the results to Simulink. MSC.ADAMS macro
codes were developed in order to facilitate the development
and adjustment to humans of different sizes. In all cases, the
mass of the exoskeleton was considered as the same. The
MSC.ADAMS model was developed as capable to calculate
the equivalent mass and inertia for the combined human-
exoskeleton system for different subjects based on given total
body weight and the body height with respect to average
human body ratios given in [24], [25]. CAD drawings of the
components were not associated with the rigid bodies in the
model in order to reduced the computational complexity of
the simulation. As previously mentioned, inertia and mass
properties were calculated separately, then were considered
as the inputs to the MSC.ADAMS’s model. Rigid body
models were represented with their mass and mass moment
of inertiae located at their respective CoM. Mass moment of
inertia values were defined with respect to the body moving
coordinate system at the CoM. The MSC.ADAMS model
of the system is shown in Fig. 3. The model has 25 parts,
10 revolute joints, 14 fixed joints and 8 general motion
constraints to prescribe the kinematics of the joints resulting
in a 8-DoF system. The overall mass of the model is 138
kg (100 kg human and 38 kg exoskeleton) and CoM of the
model is shown in Fig. 2, MSC.ADAMS-MATLAB/Simulink



Upper Body’s
CoM

Fig. 3. Combined Human-Exoskeleton Model on the MSC.ADAMS
environment. Upper body’s CoM is a lump model of the human’s upper
body with both mass and inertia values. Furthermore passive joints are not
visually represented in this model.

co-simulation environment is shown in Fig. 4.

TABLE I
STRUCTURE AND THE STIFFNESS PARAMETERS OF THE ANALYZED
MODEL
Structure Torque Stiftness
Capacity
1 | Ankle Inversion & Passive — To Be
Eversion Determined
2 | Ankle Flexion & Active 95 5220
Dorsiflexion (Nm) (Nm/rad)
3 Knee Extension & Active 95 5220
Flexion (Nm) (Nm/rad)
4 Hip Extension & Active 95 5220
Flexion (Nm) (Nm/rad)
5 Hip Adduction & Active 95 5220
Abduction (Nm) (Nm/rad)

The impact function of MSC.ADAMS was used in order
to model the interaction between the foot and floor. The foot
was modeled using a rectangular box shape. Contrary to the
parametric model of the dynamic model, foot sizes were
adjusted with respect to the tallest human case. Constant
foot size for all three cases was used as this is a common
modeling approach in the literature [13]. The ground was
represented by a flat rigid surface. Depending on the level
of penetration between the geometries of foot and floor, the
contact force was calculated as follows,

F = kz® — icmazu(x), (1)

where k is the stiffness representing the contact stiffness,
z is the penetration between the geometries of foot and
floor, ¢4, is the maximum damping coefficient and d is
the penetration at which the maximum damping is applied,
u(zx) is a step function. The parameter, force exponent e,
defines the force deformation characteristics. Values of e > 1
is used to represent increasing stiffness with the penetration

depth, while e < 1 is used where the contact force decreases
with penetration. The value of e = 1 represents a linear
spring. In the model, the contact parameters are chosen as:
k=1.0FE 4006 N/m, e =1, ¢pax = 1.0E + 004 Ns/m,
d=0.1 mm.

B. Stiffness Optimization

An optimization study was performed to find the optimum
value of the stiffness of the ankle. The objective function was
chosen as to minimize the integral of the absolute value of
ZMP. An additional parameter was added to the objective
function in order to penalize conditions when there is no
contact between the foot and the ground. The objective
function is shown as follows.

T
£ = min / (|ZMP| + P)dt) P
t=0

where ZMP is the momentary ZM P value of the system
and the P is the penalty value. To set the penalty value, the
resultant ZMP values were sampled with different stiffness
values K, and the maximum momentary ZMP value was
chosen as the current penalty value.

1000 < K < 5000 3)

The lower and upper bounds were found by performing
several simulations prior to optimization runs to make sure
that it covers the range of the ankle. More specifically, a
variety of different K values were simulated. After a careful
investigation of the simulation results by trying random
K wvalues, it is concluded that with lower K values the
human/exoskeleton model tips over laterally towards the
sway direction. On the contrary, for higher K values, the
system bounces back and tips toward the opposite direction
of the motion.

In (3), K is the stiffness of the ankle. If the optimization
converges to either lower or to upper values, then the
boundaries were defined to cover a wider range and the
optimization was re-run.

Simulink’s Response Optimization toolbox was used for
the optimization study. MSC.ADAMS was used as the solver.
Simulink/ADAMS co-simulation with interactive option was
performed for the numerical integration and calculation of
the objective function. Sequential Quadratic Programming
(SQP), a gradient descent based algorithm, was selected as
the optimization algorithm. Tolerances on the constraints and
objective function were set to 0.001. Maximum iteration
number was set to 100. During the optimization solution
phase, the objective function was monitored for each iteration
to make sure that the optimization converges.

C. Sway Trajectory Generation

Reference joint angle trajectory were generated via a
prioritization-based inverse kinematic algorithm that consid-
ered only the 8 active joints [16]. As an example, hip A/A
and BCM trajectory references are displayed in Fig. 5.
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TABLE 11
— Body CoM DETAILED PARAMETER INFORMATION OF RANDOMLY CHOSEN CASES
e -100 T T T T T
3 Cases 1 2 3
‘é Body Height | cm | 190 175 160
£ -150 | . Body Weight | kg 100 80 65
g Total Weight | kg 138 118 103
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Fig. 5. Hip A/A angles and BCM position of the generated sway trajectory
(top) BCM position with respect to left foot (middle) Left Hip (bottom)
Right Hip

Since the two pre-determined passive joints are locked, the
generated Inverse Kinematics (IK) solution uses only 8-DOF
to control body center of mass (BCM). The MSC.ADAMS-
MATLAB co-simulation model takes into account the flex-
ibility in the ankle joint, which was considered as perfectly
rigid in the reference joint angle trajectory generation phase.

The proposed methodology was applied to the models with

different body weight and height as part of various case
studies. Three case studies are summarized in Table II.
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III. RESULTS

The optimization is first applied to Case 1. For the initial
value of the stiffness K = 2000 Nm/rad was chosen. The
optimization converged to an optimum value of Kopt =
4701 Nm/rad after 6 iterations and 36 subiterations. The
convergence of the stiffness as a function of iterations and
subiterations is shown in Fig. 6.

In Fig. 7, the response of the passive joints with different
stiffness values are given with the optimized stiffness value
of 4701 Nm/rad for Case 1. Initial value of K = 5500
Nm/rad, a considerably high stiffness value, it is observed
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Fig. 7. Comparison of objective function results with different stiffness
(K) values

that the model’s foot lose its contact from the ground.
Therefore, a penalization is added to the objective function
in accordance with (2). This could be seen from the step
increases on the time response of the system shown in Fig.
7. On the other hand, the objective function values which are
lower than the general trend of the same graph are the result
of the impact when the foot hits the ground. The impact to
ground results in higher forces on the foot, the moment with
respect to x-axis (roll) is constant. For relatively lower K
values (3000Nm/rad and 4000 Nm/rad) even the ZMP values
get closer to an almost constant range; the variation of the
response was reduce as K value reaches to the optimum value
of 4701 Nm/rad.

The algorithm was then applied to the other two case
studies. Similar convergence results in terms of the number
of the iterations as the first case study were obtained,
and therefore the results were not plotted for the sake of
conciseness. The optimum stiffness values for three case
studies mentioned in Table II are 4701 Nm/rad, 2134 Nm/rad,
and 697 Nm/rad for Case 1, Case 2 and Case 3, respectively.
In Fig. 8 the angular deflection of the ankle’s I/E joints with
different stiffness values are plotted with respect to time.

IV. DISCUSSION

In this pilot study, a lateral swaying motion was considered
since the passive joints are most effective in the plane of
swaying motion. The forces created by the active hip joints
during sway motion can be balanced with only the ankle
I/E joints. For more complex motion like walking, loads on
the passive ankle joints can be result from a much more
complicated dynamics interactions. On the other hand, the
motion of the passive ankles is more dominant during lateral
swaying motion than walking due to support by both feet
compared to one foot raised during walking [27]. Losing the
balance of the system under swaying is of great concern,
which is only possible when the active joints can not track
the desired motion under external disturbances. One possible
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Fig. 8. Comparison of Right Ankle I/E deflection values with different
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example of losing the balance is due to low ankle stiffness
where the system may fall sideways. It is important to
observe the higher oscillation amplitudes corresponding to
lower and higher stiffness values compared to the much
lower oscillations for the optimal stiffness value. The results
suggest that the stiffness should be carefully engineered
to minimize oscillations during 3D walking and similar
dynamic movements.

The simulation results showed that the optimum K value
change with respect to body mass and body height of the
human. Further simulations are needed in order to quantify
the relation between the mass/height of the system. Since
these parameters are affected by more than 28 different
physical quantatity of the human body and the exoskeleton,
this study was acknowledged as a future work.

V. CONCLUSION

In this study, a passive joint stiffness optimization was
performed to find the optimum stiffness value, which can
adequately provide the required hip motion and still support
the overall weight of the system. The sway motion simulation
results from the three case studies considered indicate that
optimization depends on many factors such as the CoM of
the human/exoskeleton system and the weight of the system.
Since an adjustable exoskeleton is used for the model, mass
and inertia of the exoskeleton become more dominant for
a short user. In addition, the effect of other parameters
such as single limb lengths, torso’s mass ratio, etc. can
be investigated. In this study, a generic human body mass
and inertia distribution based on healthy human population
was used. However, body mass distribution of a paraplegic
patient can be quite different than that of healthy a human.
The analysis and the optimization of the system with body
mass, inertia, and height values of paraplegic patients via
experimental investigations are acknowledged as future work.
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