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Abstract: Exoskeletons can help humans in a variety of ways in performing tasks. In particular, during the lifting
operation, a human places a great burden on the knee or waist joint, and the exoskeleton can reduce the risks of this
task. However, due to the weight of the exoskeleton itself and the movement of the overall center of gravity, balance
ability and efficiency may decrease. Therefore, an appropriate assistance torque distribution strategy is required
to achieve high performance with the exoskeleton. In order to solve the aforementioned problem, we propose an
assistance method based on whole-body control. The proposed algorithm is meaningful because it is different from
other simple model-based controllers. The controller fully utilize the dynamics to achieve a high performance. In
addition, by adding a straight leg cost term, the singularity problem in the fully extended configuration was solved.
This method finds the optimal solution that satisfies various constraints and minimizes the objective functions.
Each objective is composed of a balancing-related term that minimizes the variation in the center of gravity, a
term that supports the weight of the human and exoskeleton, a term that solves the singularity problem and a term
related to efficiency. In this paper, first, a motion capture experiment is performed to analyze a human’s lifting
motion. Through this experiment, the trajectory of each joint angle is obtained. With PD (proportional-derivative)
feedback from the joint trajectories, the exoskeleton generates human torque in the simulation and implements a
lifting operation. Second, a simulation is performed with the proposed controller. As a result, it is confirmed that

the proposed method reduces the amount of human joint torque and increases stability and efficiency.

Keywords: Exoskeleton, squat lifting, wearable robotics, whole-body control.

1. INTRODUCTION

In the industrial field, there are many simple and repet-
itive tasks. Among them, movements of lifting and low-
ering objects increases the risk of back and knee injuries.
Therefore, several research groups have developed passive
and active exoskeletons over the past decade to reduce in-
juries during lifting. First, the passive exoskeleton based
on a spring or elastic-based material was studied [1,2]. It
was designed to use the stored energy that is generated
when the joint is in maximum flexion. Since no actua-
tor is used, it is relatively lightweight and does not need
additional controllers. Its effects and performance have
been studied with various results [3-5]. However, there is
a drawback that it showed limited performance only for
certain movements and cannot actively apply assistance
torque. In contrast, with an active exoskeleton, assistance
torque can be actively applied depending on the situation,

but the overall system weight becomes heavier, which also
causes imbalance.

Because a large moment occurs at the lowest point, ac-
tive exoskeleton studies have mainly focused on knee sup-
port [6,7]. Therefore, these studies suggest a method of
assisting only the knee joint. Next, exoskeletons and con-
trol techniques that support the ankle or waist have been
also developed [8]. Since this assistance force has addi-
tional effects on other joints by action and reaction, each
torque must be properly distributed. In order to maximize
the performance of the active exoskeleton, the control sys-
tem should be constructed appropriately for the task, and
interaction with people should be considered. Research on
assistance torque generation has been studied in various
directions, from position based trajectory control to model
based control. For model based control, authors of [9] con-
trolled the exoskeleton through nonlinear model predictive
control, and authors of [10] controlled impedance by es-
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timating human torque for a paralyzed patient. Recently,
with the development of Al, reinforcement learning-based
research has been actively conducted [11].

The controller proposed in this paper is a whole-body
control based method. It has been mainly used in robotics,
and it is a method to find an optimal solution that is
suitable for multiple tasks simultaneously [12,13]. Unlike
model predictive control, which considers the long term,
whole-body controller has the advantage of obtaining an
optimized value at every moment. Additionally, it can eas-
ily configure multiple tasks and determine their impor-
tance. This kind of controller has been studied for var-
ious purposes. For example, in [14], optimization prob-
lems were solved sequentially according to their priority
using the hierarchical optimization method, and in [15],
an internal force control method was introduced for the
case in which the system is an under-actuated condition.
The method of [16] was used in a quadruped robot, whole-
body impulse control was introduced to effectively gener-
ate the ground reaction force, which is a high-level com-
mand, and this maximized the performance. These stud-
ies were mainly applied to legged motion control, and the
same approach could be applied to lifting because of the
similar configuration.

The main contribution of this paper is to maximize the
exoskeleton lifting performance by applying a numerical
whole-body controller considering straight leg term. The
motion of each joint and the ground reaction force were
controlled through the algorithm. Due to the characteris-
tics of the force-based controller, it could also possible to
deal with disturbances. The quadratic program solver in
the controller satisfies multiple tasks at the same time, and
each cost function is simply added. This means we can
easily add another cost functions related to other tasks.
Lastly, the straight leg term in the proposed method solves
the singularity problem of the general force-based con-
trollers. This ensures reliable torque distribution even in
the fully extended configuration during lifting operations.
Except for using the concurrent whole-body controller in
study [21], there had been no case of applying the whole-
body control framework to an exo-system before. Also,
unlike study [21], we solve the singularity problem in the
upright configuration.

This paper is organized as follows: Section 2 introduces
human body dynamics and lifting motions analyzed with
motion capture cameras for simulation. Section 3 intro-
duces how the proposed method controls the exoskeleton
through the whole-body control framework. In Section 4,
simulations are conducted to verify the proposed method,
and the torque values and energy efficiency of each joint
are analyzed. Finally, Section 5 presents a conclusion and
future works.

2. HUMAN LIFTING MOTION GENERATION

2.1. Human dynamics

Human body models that perform various tasks are
typically represented by 12 DOF(degrees of freedom).
However, the lifting motion can be approximated in 2-
dimensional space by ignoring the roll and yaw motions.
In [17], the human body was described with a three-link
model and a four-link model according to each task. In the
case of [18], the model of the lifting motion was expressed
with 6 degrees of freedom (7-link model).

If the neck is fixed to the upper body, modeling becomes
possible as shown in Fig. 1. The represented figure is com-
posed of a 6-link model, and the links are composed of a
foot, shank, thigh, trunk, arm and forearm. The lifting mo-
tion can be expressed with this model configuration.

Meanwhile, the height and weight of people who wear
exoskeletons are differ from person to person. That is,
a human body model must be constructed with differ-
ent physical quantities for each individual. In [19], each
part of a human is expressed as a link based on the ex-
periments. The mass, inertia, and center of mass of each
link are obtained. This can be parameterized according to
height and weight, and it can be expressed as in Table
1. Based on Table 1, an adaptive model for each experi-
menter is constructed. It could be used adaptively for each
individual experimenter.

Finally, we need to obtain the dynamic matrix of the
model. In this paper, the matrix is obtained by the La-
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Fig. 1. A 6-link human model for the lifting motion.

Table 1. Human body distribution rate.

Length (%) Mass (%)
Head and neck 12.51 7.34
Trunk 32.15 47.76
Upper arm 21.47 3.34
Forearm 17.64 1.87
Hand 11.98 0.87
Thigh 26.45 11.56
Shank 25.31 4.52
Foot 3.54 1.89




1952 Jeonguk Kang, Donghyun Kim, Hyun-Joon Chung, Kwang-Woo Jeon, and Kyung-Soo Kim

grangian method, and the resulting equation of motion is
expressed in the form of a matrix such as (1). M is the mass
matrix, b is the Coriolis and g is the gravitational term, S
is the selection matrix, JCT is the contact Jacobian and bp
(= F) represents the ground forces. Where B is the Jaco-
bian matrix from the generalized frame to the centroidal
frame and p is the generalized forces.

Mvg+b+g=S"t4+J Bp. (1

2.2. Motion capture experiments

We used the Vicon motion capture system to analyze
human movement. The system consists of eight Vicon T-
40 cameras, and data were collected via a giganet con-
troller and transferred to a PC. Since the lifting motion is
slow, we set the camera’s frame rate to 100 Hz. To ana-
lyze the experimental results, the length of each subject’s
body parts were measured, and markers were attached to
the upper and lower extremities. The markers in the lower
extremities were attached to the pelvis, thigh, knee, calf,
ankle, and back of the foot. In the case of the upper ex-
tremities, they were attached to the clavicle, calf, cervi-
cal spine, lumbar spine, shoulder girdle, shoulder, elbow,
wrist, and back of the hand. Each marker attachment con-
figuration is shown in Fig. 2.

The lifting process started in a standing configuration.
Then, the subject would sit in a half-squatting position and
stand up holding the barbell plate. Experiments were con-
ducted with barbells of various weights, but the task used
in this paper only considered 12.5 kg, 15.0 kg, and 17.5
kg barbells. We summarized the results of the whole data
with 15.0 kg barbell lifting motion. The 12.5 kg and 17.5
kg data were then used to compare the effects of different
weights.

A total of 5 experimenters performed the lifting motion,
and the height and weight of each experimenter were 170

Fig. 2. Motion capture experimental marker setup.
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Fig. 3. Joint angle trajectory during the lifting motion.

Table 2. Maximum and minimum values of each joint tra-

jectory.
Max Min
Ankle 27.0° 0.5°
Knee 91.7° -3.0°
Hip 92.5° —1.3°
Shoulder 40.7° —1.4°
Elbow 48.5° 35.0°

cm-177 cm/65 kg-75 kg. As a result of motion capture, the
joint angles of each experimenter showed little difference
in the process of repetitive and slow lifting motions, but it
was confirmed that they were operated in a specific range
that was almost similar, and accordingly, the average data
of the experimental values was used.

Fig. 3 shows that each joint angle trajectory was re-
peated within a certain range during lifting. The hip and
knee joints moved approximately 90 degrees, the ankle
moved approximately 30 degrees, and the shoulder moved
approximately 40 degrees. On the other hand, the elbow
showed a fairly small movement of 13 degrees. The aver-
ages of the maximum and minimum values of each joint
are expressed in Table 2. To implement this movement in
the simulation, a smooth trajectory for generating human
torque through PD (proportional—derivative) feedback was
constructed based on Table 2.

3. WHOLE-BODY CONTROL BASED
ASSISTANCE STRATEGY

3.1. Control system dynamics

In Section 2, a human lifting motion was expressed with
5 degrees of freedom. Complex model construction could
describe human motions more accurately, but in practice,
obtaining accurate model is not easy. It also causes diffi-
culties in control. Meanwhile, the variation in the arm and
forearm angle during lifting is not large enough to change
the physical characteristics of the upper body above the
hip joint. Therefore, as shown in Fig. 4, we assume the
existing 6-link model on the left can be approximated as
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Fig. 4. Approximate box lifting model for control.

Fig. 5. Simulation model with exoskeleton.

a 4-link model. Finally, a simulation model is constructed
as shown in Fig. 5.

As mentioned above, each link of the upper body was
integrated into one rigid body, and the controller was con-
structed based on a 4-link configuration. In addition, to
represent a human model wearing an exoskeleton, the hu-
man and exoskeleton were merged into one link in each
part. The system control inputs are Tjip, Tince> aNd Taniies
and the output values are the base IMU (inertial measure-
ment unit) data and the encoder data of each joint.

3.2.  WBC (whole-body control) framework

This section introduces a lifting assistance strategy
based on whole-body control. Whole-body controllers for
exoskeletons are formulated for a variety of tasks [12].
The variables are optimized to satisfy multiple tasks si-
multaneously. Then, the final torque is obtained through
inverse dynamics. Fig. 6 shows the whole-body control
framework block diagram.

The tasks for the lifting motion are divided into moving
the COM (center of mass) with respect to the desired ref-
erence, maintaining the contact foot point, generating the
contact force, preventing an excessive trunk angle, and ob-
taining the straight leg configuration. First, the COM mo-
tion consists of PD feedback on a reference trajectory. The
x-direction reference is the initial value of the standing
configuration for balancing, and the y-direction reference
is determined simply by a motion capture experiment.

Once the PD feedback values for the trajectories in the
x and y directions are obtained, a force reference is calcu-
lated based on them (2). F, is the reference ground reaction
force, X, is the reference center of mass trajectory, X,
is the current center of mass, and mg is the weight of the
total mass. In (2)-(5), K,; and K; are the PD gains of each
part.

Fr = mg(Kpl (Xcm‘r - Xcm) + Kld (Xcm.r - Xcm) . (2)

The foot contact task was formulated as (3). This means
that each point of contact is maintained during the lifting
operation. xy, is the acceleration reference for each foot,
and x is the current value of the foot position. Since there
was no reference trajectory for the foot position during the
lifting task, we set a value of O for the desired reference. In
the same way, to prevent excessive movement of the trunk,
another term was added to the cost function (4). é,m,,k, is
the reference trunk acceleration, and 6;,,,; is the current
trunk angle.

Xpr = —Kpxp— KXy, 3)

q.9
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Fig. 6. Whole-body control framework for the exoskeleton model.
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émmk.r =—Kpn 9trunk~ (4)

On the other hand, a problem is encountered when per-
forming the lifting motion only with the above tasks: the
singularity problem. In general, for a legged robot walk-
ing, the singularity problem is not critical because the
robot could avoid the fully extended leg configuration.
However, at the end of the lifting motion, the legs are fully
extended, and the singularity causes excessive torque. Au-
thors of [20] proposed a solution through the straight leg
control method, and based on this paper, a new term was
now added to obtain the whole-body control bias solution.

Rather than directly controlling the height of the center
of mass, we can place it in the null space of the desired
leg configuration to keep the leg as straight as possible to
avoid higher torque at the knee. When we do not specify a
constraint on the vertical force, the whole-body controller
can provide a wide variety of solutions to address each
task.

To control the desired leg configuration while perform-
ing the existing task, the desired angle value is projected
into the null space of the QP(quadratic programming). The
desired angle to be projected is simply expressed as (5) as
a feedback control law. g,,,; is the predefined joint angle,
Vproj s the corresponding acceleration of the joint and q
is the current joint position. This formulation yields the
straight leg cost term in (7). More details will be given in
the next paragraph.

mei = P4(qproj - 4) + Kysv. 5)

The final quadratic programming formula is shown in
(6), and the optimization parameters are defined as v, and
p. v, represents the desired joint accelerations, and p con-
sists of the generalized forces. The meaning of each term
in (6) is described in Table 3. There are total 13 parameters
to be optimized (horizontal/vertical trunk position, trunk
angle, joint angle of each leg, generalized foot force of
left/right), and the number of constraints in the optimiza-
tion process is determined in (7). 2 constraints at momen-
tum cost, 5 (= 4+ 1) constraints at contact trunk cost, 1
constraint at straight leg cost. Other terms are constructed
for normalizing.

min J, +Jj +Jp —|—Jp,
Pva

s.t. AV +Av = W, + W,

Pumin < P < Prax;

Tnin < T < Tinax, (©)

Momentum cost : J,, = ||P,(Avq — B)||*

where B = [Fref } —Av,
031

Contact & trunk cost : J; = ||P;(Jvq — p)||?,

Contact force cost: J, = ||Ppp||*

Table 3. Physical meaning of the variables.

v generalized velocity
Vg desired generalized acceleration
A centroidal momentum matrix
W, gravitational wrench
Wers wrench by ground reaction forces
Poniny Prmax minimum and maximum values of p
Tonins Tmax minimum and maximum values of T

Straight leg cost : J, = ||(I—J.} ,Jrask)Vproj] 1,
where J = [(SA)T JT]T. (D)

Each term of the cost function is defined as in (7). p is
the desired motion vector, and B, P;, and P; are the weight
matrices that determine the importance of each term. To
project the predefined acceleration into the null space of
the QP, the term J,, = |[(I — J," Jiask)Vproj| |* is added to
the total cost function, as shown in (6) (the last term in the
objective function). In the above formula, J of J;, is the
cartesian motion objective jacobian which only contains
contact jacobian in lifting operation case.

By adding the straight leg task term, the exoskeleton
avoids the singularity problem. If a joint has a singular-
ity configuration, a null space exists, and the predefined
acceleration task succeeds. These QP bias solutions allow
humans and exoskeletons to always stretch their knees 180
degrees, as straight as possible.

t=S8(—J"'Bp +Mv,;+b+g). (8)

Finally, the torque value is obtained through inverse dy-
namics based on the optimized values v; and p which
are obtained through quadratic programming. Through the
equation of motion obtained in (1), the inverse dynamics
can be configured as in (8), and the torque value can be
calculated by substituting v; and p.

4. SIMULATION AND RESULTS

4.1. Simulation model and conditions

Simulations are conducted to verify the performance of
the whole-body control based assisting strategy. A MAT-
LAB Simulink controller is used, and it is implemented
through cosimulation between MATLAB and the Recur-
Dyn simulator. The control inputs to the exoskeleton are
the hip, knee, and ankle torques, which are combined with
the human-generated torques (described in Section 2). The
output value is obtained from the IMU data of the base and
the angle of each joint.

The box lifting operation is divided into a lowering op-
eration and a raising operation. In the lowering process, it
is not necessary to apply additional torque due to gravity
acceleration. That is, the simulation is performed by ap-
plying assistance torque only during the lifting motion in
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Fig. 7. Lifting simulation with a whole-body controller.

half phase of the cycle. Fig. 7 shows the simulation of the
lifting operation. We obtained the results with various «,
0.0, 0.1, 0.2, 0.4 in the simulation, where ¢ is the assis-
tance gain(rate) of the whole-body controller.

4.2. Results

The simulation results were obtained as shown in Fig.
8. Since there is a limit to the torque value that the ex-
oskeleton can produce, the obtained whole-body control
torque was multiplied by a constant gain, denoted by «.
As shown in the first row of Fig. 8, the hip torque and
knee torque values decrease as the gain value increases. In
the case of the ankle, it is difficult to compare the abso-
lute torque value, but it can be seen that the variation has

Human hip torque

Human knee torque

shifted to near 0.

As shown in Fig. 9, the assistance torque value of each
joint can be seen in the lifting operation. As the a value
increases, the amplitude value of each assistance torque
increases, and we can see that the hip torque increases the
most. However, in the second half, the torque value of the
hip joint tends to decrease. Thus, it can be inferred that
the knee joint and ankle joint torques are required more
in a state close to standing. In the future, by designating
different weights for each joint, the torque distribution can
be obtained in a different form.

Next, the second row of Fig. 8 shows that the position
of the x-direction center of mass, which can be consid-
ered a balancing index, is close to the center of the foot
(x = 0). However, there is no significant difference in the
y-direction according to the « value because the vertical
trajectory is almost the same. To compare the used energy
of the proposed controller, the accumulated power con-
sumption of human torque is calculated. It decreases as
the o value increases, and when the o value is 0.4, it is
reduced to a maximum of 23.8%. Additionally, it is found
that the problem of a singularity does not occur even in
the fully extended configuration.

[ |rol|dt

Mechanical cost of lifting = Ved
8

©))

In order to analyze the energy efficiency and stability,
the mechanical cost of lifting and center of pressure (COP)
during the lifting operation were analyzed. COP obtained
the result as shown in Fig. 10 left one, and it can be seen
that the value moved from the back to the front of the foot

Human ankle torque
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Fig. 8. Simulation results of the lifting motion. Human torque, center of mass and power consumption are compared. (¢

is the gain (rate) of the assistance).
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as o increased. When the alpha was 0.4, it was confirmed
that the COP moved closer to the center of the foot. That
is, as the assisting force increased, the stability increased.
Next, an index called mechanical cost of lifting was newly
defined for efficiency analysis as shown in (9). It was de-
fined in a similar way to mechanical cost of transporta-
tion (MCQOT), which is commonly used. d is the total lift-
ing distance, Mg is the total weight, and the upper term
J |Tw|dt means energy consumption. When ¢ = 0.4, me-
chanical cost of lifting was reduced by up to 25% (Fig.
11).

In addition, the proposed controller was compared with
another controller and different lifting weights. As shown
in Fig. 10 second one, when the mass becomes heavy, the

COP moves to the foot boundary even if assistance torque
is added. This means that more gain or weight is needed
to move the COP to the center of the foot. Next, in the
last graph in Fig 10, we compare it to another controller
that is simply torque control for the lifting. The compara-
tive control strategy is constructed in the same way in the
paper [22] obtaining the torque reference with T = J7F.
Here, the desired force was calculated to move the COP
into the foot center and upright configuration. Also, there
may be singularity issue, but when the system is close to
the final configuration it decreases the assist force to zero.
If you look at the comparison graph, you can see that the
controller implemented as [22] can move the COP to in-
side the boundary. Meanwhile, in the case of whole-body
controller, the movement amount of the COP can be adap-
tively adjusted according to the weight of the COM task.
Additionally, the singularity problem was solved through
a bias solution rather than simply making the assistance
force zero, it can be considered as a more optimized so-
lution. And the desired force was also obtained through
whole dynamics rather than 7 =J TF, therefore, more ac-
curate force control is possible.

According to the analysis results of the two graphs, the
proposed algorithm increases the efficiency as well as the
stability during the lifting task. Additionally, when ap-
proaching a standing position, there is no singularity prob-
lem occurs, thus excessive torque could be avoided.
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5.  CONCLUSION

In this paper, two major tasks were performed. First, a
motion capture experiment was performed to enable the
simulation of human movement. Based on these results,
a trajectory reference was created. A PD feedback torque
was generated so that the human model could implement a
lifting task in simulation, and it was assumed to be Tjmqn-
Second, an assistance torque generation strategy applied
by the exoskeleton was proposed based on whole-body
control. A torque value was obtained that could simulta-
neously be used in various tasks in the lifting process.

Whole-body controller costs were roughly divided into
momentum cost, contact & trunk costs, contact force cost
and straight leg cost. In particular, due to the straight leg
term we could overcome the singularity problems that oc-
cur in the fully extended configuration. As a result, it was
verified that the lifting efficiency was increased without
encountering the singularity problem, and the variation
in the center of mass was also reduced. Additionally, we
calculate the mechanical cost of lifting and COP during
simulation. It was confirmed that the stability index, COP,
moved toward the center of the foot, and the mechanical
cost of lifting decreased as the assisting force increased.
We also compared the controller with a simple torque con-
troller and different lifting mass to verify its effectiveness.

In the future, we will conduct an experiment to apply
the proposed algorithm to an actual exoskeleton. The plat-
form development is almost complete, and it will be pos-
sible to control up to a 1 kHz bandwidth. Therefore, it
seems that there is no major problem in applying the pro-
posed algorithm. However, since interactions between hu-
mans and exoskeletons were not taken into account, this
will be a problem that needs to be addressed. Also, in or-
der to verify the proposed controller, we plan to conduct a
experiments with more subjects.
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