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Human and Passive Lower-Limb Exoskeleton Interaction Analysis:
Computational Study with Dynamics Simulation using Nonlinear Model Predictive Control
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"Department of Mechanical Systems Engineering, Tokyo Metropolitan University, Tokyo, Japan
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Abstract: Forward dynamics simulations have the advantage of assessing performance of novel exoskeleton designs at
a low cost. For developing a new passive lower-limb exoskeleton, the simulation needs to represent the sitting posture in
which the wearer performs working tasks while maintaining balance with the whole body. The present study constructed
a forward dynamics simulation for analyzing and developing a new passive lower-limb exoskeleton; the validity of the
simulation was investigated using experimental data. The present method computes the interactions between the exoskel-
eton and wearer, such as reaction forces, physical posture, and physical load, based on the forward dynamics simulation
driven by nonlinear model predictive control (NMPC). The NMPC cost function consisted of the physical load and the
fitness of working task with constraints to evaluate balance. As a result, the present simulation represented the character-
istic posture when sitting on the exoskeleton in which the wearer performs the working task while maintaining balance
with the whole body. However, the simulation computed an upright posture of the lumbar joint that differed from the
experimental results and needs to be improved. In future work, the simulation will be modified for representing the valid
physical posture when wearing the exoskeleton, such as simulating the physical motion of the same working task as in
the experiment, and modeling the interaction between the human, exoskeleton, and ground.

Keywords: Biomechanical analysis, Multibody model, Model-based design, Optimization, Balance control

1. INTRODUCTION

ance with the whole body. Therefore, a new forward dy-
namics simulation method, which can predict the charac-
teristic posture in wearing the exoskeleton, is effective
for developing a new passive lower-limb exoskeleton by
optimizing the physical posture.

For application to developing a new passive lower-

Passive lower-limb exoskeletons, as shown in Fig. 1,
that reduce the physical load by supporting the body mass
during standing work have been developed to prevent
musculoskeletal disorders. The load on the lower limbs

for workers who perform prolonged standing work can
be reduced by performing work while sitting on one of
these devices [1]. In contrast, a previous study reported
that the risk of low back pain is higher due to the increase
in lumbar load caused by leaning forward of the trunk
when wearing the exoskeleton [2]. Therefore, a new pas-
sive lower-limb exoskeleton needs to be developed to re-
duce the lower limb load while preventing the increase in
lumbar load by improving the forward learning posture.
The present study focuses on a design method for de-
veloping a new passive lower-limb exoskeleton. Forward
dynamics simulations have the advantage in developing
an exoskeleton as they can reasonably predict and be
used to analyze the interaction between the human and
the exoskeleton at a low cost without prototypes and ex-
periments. However, in current simulations, the human
model is driven by the experimental kinematic data, i.e.,
tracking optimization [3]. Therefore, the current simula-
tions can lead to optimizing the exoskeleton structure for
a given human posture but not the posture itself, making
them unsuitable for developing passive lower-limb exo-
skeletons that improve lumbar loading when the user
leans forward. Furthermore, considering the characteris-
tic posture when sitting on the exoskeleton, the simula-
tion needs to represent the sitting posture in which the
wearer performs a working task while maintaining bal-

+ Naoto Haraguchi is the presenter of this paper.

limb exoskeleton, the present study attempts to develop
a new forward dynamics simulation that analyzes the in-
teraction between the wearer and the exoskeleton by op-
timizing the physical posture. In this paper, we report on
methods and validation of the results of the simulation
driven by nonlinear model predictive control (NMPC) to
determine the characteristic posture when wearing the
exoskeleton.

Strap
Strap
Seat
Joint (1 DOF)
Strap

Upper link
Lower link

Grounded part

Fig. 1 Passive lower-limb exoskeleton (Chairless-
Chair®; noonee AG, Switzerland). DOF: de-
gree of freedom.



2. METHODS

The present method computes the interaction between
the passive lower-limb exoskeleton and the wearer using
a dynamics simulation that accepts the user body height
and mass, working conditions, and the exoskeleton struc-
ture. Considering the issues of passive lower-limb exo-
skeletons, which include a lack of consideration for phys-
ical posture of the wearer, we constructed a simulation
that computes the posture based on the NMPC without
experimental kinematics data, as shown in Fig. 2. More-
over, for representing the goal of maintaining balance,
the NMPC includes constraints to prevent the human-ex-
oskeleton multibody model from falling; this model was
developed in MapleSim 2022 (Maplesoft, Canada).

2.1 Human-exoskeleton model

We constructed the human-exoskeleton model com-
bining a passive lower-limb exoskeleton model and a
computational human model, which is shown in Fig. 3.
There are a total of 15 rigid links for the whole human-
exoskeleton system.

The human model consists of 13 segments such as the
head, trunk, pelvis, upper arms, forearms-and-hands,
thighs, shanks, and feet. The link length, the moment of
inertia, and the center of mass of the human body were

Input

* human body height and mass
= working conditions

= Exoskeleton structure

v

| Set work position |

Dynamics simulation

NMPC v

| Optimization in Egs. (5) and (6)

|
l 1 Nl

| Internal model in Eq. (4) |

u

Human-exo model l

| MTG model in Eq. (3) |

I

Forward dynamics in Egs. (1) and (2)

q=[py,6]"

A 4

Output RFF, RFE, and
the human joint angle and torque

Fig. 2 Simulation process. The simulation consists of
nonlinear model predictive control (NMPC) and
human-exoskeleton (exo) model including mus-
cle torque generator (MTG) and forward dynam-
ics calculation. The simulation outputs the reac-
tion forces acting on the foot (RFF) and the exo-
skeleton (RFE) and the joint angle and torque.

determined using a formula based on Japanese body
height and mass [4, 5]. The body height and mass were
defined as 1.75 m and 65.0 kg, respectively, which was
the average for the participants during the experiment
performed to verify the validity of the simulation. We
used the exoskeleton model shown in Fig. 1 digitized by
a 3D scanner (ATOS Core 200; GOM GmbH, Germany).

The exoskeleton was modeled separately for the left
and right legs and connected to the rear surface of each
thigh. The connection between the thigh and the exoskel-
eton was modeled as one rotational degree of freedom
(DOF) in sagittal plane. The position of the connection
point was placed 60 mm from the hip joint on the thigh,
which was determined by referring to the exoskeleton
structure shown in Fig. 1. The relative angle between the
upper link and lower link was set to 90°, which was the
same as the angle during the experiment performed to
verify the validity of the simulation. In the present study,
although the exoskeleton shown in Fig. 1 has straps that
are worn around the waist and thigh, the straps were not
modeled because these straps connect the human to the
exoskeleton when not sitting on the device, i.e., standing
or moving. In addition, the foot and the grounded part of
the exoskeleton were constrained by a strap and link with
variable lengths from 100 to 260 mm so that the foot and
the grounded part of the exoskeleton would not be sepa-
rated by more than the maximum length of the link. In
this study, we modeled the positional relationship be-
tween the foot and the grounded part of the exoskeleton
by constraining the grounded part to the ground 260 mm
behind the foot.

The overall model has 17 coordinates, q=[p, s, 8]” €
R, which represents the generalized coordinate vector
consisting of the joint angles and the three DOFs between
the pelvis and the global coordinates. The neck, lumbar,
shoulder, elbow, hip, knee, and ankle joints have one
DOF for flexion-extension and dorsiflexion-plantarflex-
ion and the joint between the exoskeleton and the thigh
segment has one DOF for flexion-extension (0 € R%).

Head segment —e
Upper arm segment T

Elbow joint

Neck joint

Shoulder joint

Trunk segment

Forearm-and-hand

Lumbar joint
segment

. Pelvis segment
Thigh segment

Knee joint Hip joint
Shank segment Thigh-Exo joint

Ankle joint Exoskeleton

Foot segment

Fig. 3 Human-exoskeleton model. All human joints have
one rotational degree of freedom (DOF) and the
joint between the thigh and the exoskeleton
(Thigh-Exo joint) has one rotational DOF in sagit-
tal plane. Relative to an inertial frame, the pelvis
has three DOFs, which are vertical and anterior
translational DOF's and sagittal rotational DOF.



The pelvis has three DOFs between the global coordi-
nates, which are vertical and anterior translational DOFs
and sagittal rotational DOF [p, Y]” € R3.

The equation for the forward dynamics simulation is
represented by the generalized coordinate vector q as
follows:

Mi+T(q@+®,/A=T1, (1)
®(q) =0, 2

where M € RY7*17 is the mass matrix and T € R is
a vector consisting of Coriolis, centrifugal, and gravita-
tional effects. @ € R® consists of 10 position-level
kinematic constraint equations, where 6 equations repre-
sent the vertical and anterior translational constraints and
the sagittal rotational constraint on each foot and ground,
and 4 equations represent the vertical and anterior trans-
lational constraints on each exoskeleton and ground. The
Jacobian matrix ®;, = 0®/dq € R1°*17 maps the La-
grange multipliers vector A € R, which represents the
reaction forces and moments, to constraint forces and
moments as dictated by each element of q. The general-
ized coordinate vector q and the Lagrange multipliers
vector A were calculated by the joint torque vector T €
R!7 based on Egs. (1) and (2). These equations were pro-
vided as differential-algebraic equations (DAEs) due to
the closed kinematics chains. The model was constructed
using MATLAB/Simulink (MathWorks, Inc., USA) and
used the ode45 variable-step solver.

After computing the state variable vector q, the for-
ward kinematics calculates the position and posture of
each segment. Subsequently, the hand distance d; and
the gaze distance dg are obtained to evaluate the fitness
of the human posture to labor work, which is shown in
Fig. 4. d, represents the distance between the work po-
sition and the distal point of the lower arm segment, and
dg is defined as the vertical coordinate of the work posi-
tion in the eye coordinate placed at the head segment. The
position of the eye coordinate was determined by the rel-
ative positions of the head and eye [6]. The eye coordi-
nate was set to be at a 10° inclination to the head coordi-
nate [7]. The work position was fixed at a height of 765

10° Eye coordinate origin

Work position  / o
/ Neck joint center

d

Center of mass of
the pelvis segment

765

Fig. 4 Definitions of the hand desitance d, and the gaze
distance dg. Units: mm.

mm from the ground and a distance of 413 mm from the
center of mass of the pelvis segment, which were the av-
erage values obtained in the experiment performed to
verify the validity of the simulation.

2.2 Muscle torque generator model

The torque at a jth joint T/, which is a component of
1, is offered by a muscle torque generator (MTG) model
that imitates the performance of all muscles around a
given joint without the need for modeling individual
muscle geometries and forces [8-10]. The MTG model
consists of an active component (generates the active
torque limited by the joint angle and angular velocity)
and a passive component (representing the joint’s viscos-
ity and range of motion), as follows:

v =u] T{) +T9 +(Q)Tm +(Q) +
ult)_t) (@), (@ + 1 q), 3)

where ‘r{, is the passive torque represented by the damp-
ing term and the double exponential function to increase
the limiting torque near the anatomical joint limits, which
were defined by related research [11-14]. T} is the peak
isokinetic torque, which was obtained by related anthro-
pometric measures [15-19]. T} is the angle-scaling
function represented in the literature using a second-or-
der polynomial function or trigonometric function [8, 19].
Ty is normalized by the maximal isometric torque of
each joint, i.e., the value of the T} at the optimum angle
is 1. T, is the angular velocity-scaling function repre-
sented in the literature using some parameters [8, 19]. T,
is also normalized by the maximal isometric torque of
each Jomt i.e., the value of T, is 1 at 0 rad/s velocity.

), T, and ‘rw were defined separately for the posmve
and negative directions. ‘r9+, T.g _, Th4,and Tw_ have
positive values, Th, has a positive value, and t)_ has
anegative value. Moreover, the joint torque ©/ is ampli-
fied by the activation signals u’(t) € [0,1] and
u/ (t) € [0,1] determined by the NMPC, which is de-
scribed in Section 2.3.

2.3 Nonlinear model predictive control

The present method aims to simulate the characteristic
posture when wearing the passive lower-limb exoskele-
ton, in which the wearer performs a working task while
maintaining balance with the whole body. Thus, the pre-
sent simulation needs to control the human movements
for multiple tasks through multiple joint motions. Basi-
cally, these complex human movements are coordinated
by the central nervous system with a complex signal that
is computed with two sections of motion prediction and
corrective command [20]. The NMPC has the advantage
of controlling the human movements in wearing the exo-
skeleton because it has functions of the feedforward and
feedback controls, which is similar to the function of the
central nervous system, and can control a multi-input
multi-output system [21].

The NMPC employs an internal model from the hu-
man model to simulate human-exoskeleton dynamics,



which is computed by the state vector x = [q, ¢]” € R3*
and control input vector u = [u?,--+,ul’, ut, -, ul’]’ €
R34, as follows:

x = Fx(t),u(®), v), 4

where F € R3* is the nonlinear system function repre-
senting the human-exoskeleton dynamics based on Egs.
(1-3). The internal model is used to simulate the human-
exoskeleton dynamics within the prediction horizon [t,,
tr] and determine the input u(t,) that minimizes the
cost function ] under constraints, as follows:

] = fttof{wldhz +w,ody? + ws X7, (uj g u{z) +
we 12, (6] + 0% ae, )

h(x(®), u(®) < o, (6)

where wy, w,, ws, and w, are weight factors, which
were set to w; =1, w, =1, wy =0.01, and w, =
0.01, respectively, as determined empirically. The pre-
diction horizon was set to 0.3 seconds and contained 3
nodes as determined empirically. The cost function ]
contributes to generating a biomechanical valid posture
for labor tasks. In addition, Eq. (6) represents the stability
constraints to prevent the zero moment point (ZMP) from
moving outside the base of support (BOS) boundaries
formed by the foot and exoskeleton, slipping of the feet
and grounded part of the exoskeletons (assuming a static
coefficient of friction of 1.0), the vertical ground-reaction
forces from pulling on the feet and grounded part of the
exoskeletons, and the center of pressure of each foot from
moving outside the BOS boundaries formed by the foot.

After computation, the reaction force acting on the feet
(RFF), the reaction force acting on the exoskeletons
(RFE), and the human joint angle and torque were com-
puted by the simulation. The vertical forces of the RFF
and RFE were calculated based on the reaction force A,
which were normalized by the body mass of the human
model and the gravitational acceleration, i.e., the percent-
age body mass. The joint angle and torque in the sagittal
plane at the lumbar, hip, knee, ankle, and neck were cal-
culated based on O and t. In the present study, the sim-
ulation time was set to 20 seconds, which is a sufficient
time for the system to reach a stationary solution, and the
states for the system at 20 seconds were output as results.

2.4 Experiment

To verify the validity of the simulation, we experi-
mented using the passive lower-limb exoskeleton. The
participants were 12 healthy males (height: 1.75+0.06 m,
mass: 65.0+8.0 kg, age: 24.3+3.1 years). The study was
approved by the Ethics Committee of Tokyo Metropoli-
tan University. The participants remained in a relaxed
posture while wearing the exoskeleton and performed an
experimental task, which was to assemble two plates with
bolts and nuts using a ratchet wrench. The working time
was set to 80 s. The work height and work distance were
set according to the physique and posture of each partic-
ipant [22]. The motion capture system (OptiTrack Flex3;
Natural Point Inc., USA) measured the three-dimensional

coordinates of markers attached to the whole body. Data
were digitally filtered (low-pass filter, fourth-order, -3 dB
at 6 Hz, Butterworth) and were sampled at 100 Hz. The
force acting on the foot was measured by a mobile force
plate system (M3D-FP-U; Tec Gihan Co., Ltd., Japan).
The force acting on the thigh from the seat of the exo-
skeleton was measured by a six-axis force sensor
(USX10-H10-500N; Tec Gihan Co., Ltd., Japan) [2].
Data were digitally filtered (low-pass filter, fourth-order,
-3 dB at 18 Hz, Butterworth) and sampled at 1,000 Hz.

We analyzed the RFF, RFE, joint angle, and joint
torque. We calculated the vertical forces of the RFF and
RFE by measurement data for the mobile force plate sys-
tem and the six-axis force sensor, which were normalized
by the body mass and gravitational acceleration, i.e., per-
centage body mass, of each participant. In addition, we
analyzed the joint angle in the sagittal plane at the lumbar,
neck, hip, knee, and ankle dominant joints. The lumbar
joint angle was determined by the line passing through
the L5 marker and the T10 marker, and the line passing
through the C7 marker and the T3 marker. The neck joint
angle was determined by the line passing through the C7
marker and the T3 marker, and the line passing through
the C7 marker and the tragus marker. The joint angles at
the hip, knee, and ankle were analyzed by inverse kine-
matics using standard, open-source musculoskeletal
model analysis software, OpenSim 4.1 [23]. We used a
previously developed musculoskeletal full-body model
[24]. Moreover, we analyzed the joint torque in the sag-
ittal plane at the lumbar, neck, hip, knee, and ankle dom-
inant joints. The joint angles at the lumbar spine (L4L5),
hip, knee, and ankle were analyzed by inverse dynamics
using OpenSim 4.1 [23, 24]. The neck joint torque was
calculated as the product of the moment arm between the
center of the neck joint and the center of the head mass
and the head weight. The center of the neck joint was de-
fined as the midpoint between the marker at C7 and the
clavicle [25]. The center of the head mass was estimated
to be 17% of the distance from the mid-tragus (midpoint
of the left and right tragus markers) to the top of the head
marker [26]. The head mass was calculated by an estima-
tion based on the head circumference and body mass [27].
All data were averaged for all measurement times.

3. RESULTS

The RFF, RFE, joint angles, and joint torques obtained
by the experiment and the simulation are shown in Fig. 5.
The simulation results for the joint angles and torques at
the knee and ankle were within the range of the average
and standard deviation of the experimental results. In
contrast, the simulation results for the RFF, the RFE, and
the joint angles and torques at the lumbar, neck, and hip
were outside the range of the average and standard devi-
ation of the experimental results. In addition, the physical
posture of a participant during the experiment and the
model posture generated by the simulation are shown in
Fig. 6. The simulation computed a physical posture in
which the wearer sits on the exoskeleton while the hands
and gaze are directed to the work position.
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Fig. 5 (left) Vertical reaction force acting on foot (RFF) and exoskeleton (RFE). Values are normalized by body mass and
gravitational acceleration, i.e., percentage body mass (%BM). (middle) Joint angles. The flexion and dorsiflexion
angles are positive. (right) Joint torques. The flexion and dorsiflexion torques are positive. The results of the ex-
periment are the average and standard deviation for all participants.

Fig. 6 (left) Physical posture of the participant during the
experiment. (right) Model posture generated by
the simulation.

4. DISCUSSION

The simulation represented the sitting posture when
wearing the passive lower-limb exoskeleton in which the
wearer directs the hand and gaze toward the work posi-
tion while maintaining balance to prevent falling. The
present method using the NMPC contributed to simulat-
ing this characteristic posture in wearing the exoskeleton;
the posture was computed by the NMPC which consists
of the cost function including the error between the work
position and the hand and gaze and the constraint includ-
ing an evaluation of balance using the ZMP. Thus, the
present method using the NMPC has the advantage of
simulating the characteristic posture when wearing the
passive lower-limb exoskeleton. In addition, the present
simulation computed the physical posture based on the
input of the working condition (the work position for di-
recting the hand and gaze), not experimental kinematic
data. Therefore, the present method has the potential to
compute the optimal posture when wearing a new passive
lower-limb exoskeleton without depending on the exper-
imental kinematic data and is effective for developing the
new exoskeleton that requires improvement of the
wearer’s posture to prevent increasing physical loads.

Although the present method is expected to be applied
to analyzing and developing a new passive lower-limb
exoskeleton, the simulation currently needs to be im-
proved because the simulation results have some differ-
ences from the experimental results. For instance, a
nearly upright posture with a small lumbar torque was
observed in the simulation because the NMPC computed
a physical posture that minimized the cost function in-
cluding the muscular activations of the whole body. In
contrast, it has previously been reported that the partici-
pants wearing the exoskeleton took a forward-leaning
posture, which increased lower limb and lumbar loads
compared to an upright posture, to prevent falling back-
ward, although they were instructed to take a relaxed pos-
ture [1, 2]. Moreover, a previous study has reported that
an increase in the lumbar joint compression force due to
higher lumbar joint torque when wearing the exoskeleton
leads to an increase in the risk of low back pain [2].
Therefore, the present simulation needs to accurately pre-
dict the lumbar joint torque in order to develop a new
passive lower-limb exoskeleton based on analyzing this
kinetic factor, and the simulation’s accuracy needs to be
improved by computing a valid posture of the wearer
when wearing the exoskeleton.

In future work, we plan to modify the simulation and
the model to represent conditions similar to those of
wearing the exoskeleton. First, the work position, which
was set as the fixed value in this study, will be variable
with time to simulate the movement of the COG of the
whole body caused by movements with the working task.
This change might represent a situation in which the
COG of the whole body easily moves outside the BOS
boundaries formed by the foot and exoskeleton and con-
tribute to generating a physical posture that is close to
that of the experimental results. Second, although the hu-
man and exoskeleton were modeled as only multibody
dynamics in this study, a new model that consists of the
multibody dynamics model and contact model will be
constructed in future work. Modeling collisions between
the human, exoskeleton, and ground might represent sit-
uations in which the wearer needs to take a stable posture
to prevent falling and is effective for generating a valid
posture when wearing the exoskeleton.



5. CONCLUSION

We developed a new forward dynamics simulation
method for analyzing the interactions between a passive
lower-limb exoskeleton and the wearer by optimizing
physical posture using an NMPC. The present method
simulated the characteristic posture in wearing the exo-
skeleton with an NMPC, which includes the cost function
evaluating working task and physical load and the con-
straints evaluating the balance of the wearer. The present
simulation, which can compute the posture of the wearer
without experimental kinematic data, has the potential to
be used for developing a new passive lower-limb exo-
skeleton that requires improvement of the wearer’s pos-
ture. However, the simulation currently needs to be im-
proved because the simulation results have minor differ-
ences from the experimental results. In future work, we
plan to modify the simulation and the model to improve
the validity of the present method, such as representing
actual walking tasks and modeling collisions between the
human, exoskeleton, and ground.
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