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Dynamics Simulation for an Upper-Limb Human-Exoskeleton
Assistance System in a Latent-Space Controlled Tool Manipulation Task

Johannes Kiihn, Tingli Hu, Moritz Schappler and Sami Haddadin®

Abstract— This paper introduces a complex dynamics simula-
tion tool for an exoskeletal human upper limb assistant system.
This heterogeneous simulation model couples the articulated dy-
namics of a six degrees-of-freedom (DoFs) wearable exoskeleton
with an upper-limb human neuromechanics model of 12 skeletal
and 42 muscular DoFs with corresponding neuromuscular
controls. Furthermore, the process forces of tool-mediated
manipulation tasks can be fed into the overall system. This sim-
ulation tool can be used for various purposes such as 1) design
and evaluation of human-centered exoskeleton controllers 2)
evaluating human motor control hypotheses during exoskeleton
use and 3) investigating various properties and the performance
on exoskeleton systems and manipulation tasks. Exemplary, this
framework is used for designing and implementing a potential
human kinematic latent-space trajectory controller for a power
drilling manipulation task of an exoskeletal assistance.

I. INTRODUCTION

In the development of smart assistance systems for human
upper limbs, this typically being exoskeleton-type devices, it
becomes increasingly popular to consider insights from the
human antetype into the overall design process. Especially,
incorporating the human musculoskeletal system and control
principles is expected to be beneficial from various perspec-
tives. For example, coordinating the exoskeletal assistance
system with the natural movement behavior of humans can
be decisive for the success of such systems.

In order to design, test and build upper-limb exoskeletal
assistance systems, a complete dynamics simulation of the
overall system is required that consists of

e a human upper-limb musculoskeletal dynamics model
combined with appropriate motor control law hypothe-
ses in closed loop,

e an accurate exoskeleton dynamics and control model
together with its coupling to the human user, and

o a manipulation task in which the human-exoskeleton
system physically interacts with the environment.

Due to the complex dynamical behavior within each of the
aforementioned subsystems and their interactions, a plau-
sible and consistent dynamics simulation is a challenging
task. Figure 1 shows a high-level overview of the involved
components. Generally, the coupling between the human
upper-limb musculoskeletal dynamics and an exoskeleton
can be described by corresponding coupling dynamics. Both
subsystems are controlled via a suitable motor control law.
The interaction with the environment can be modeled as
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a manipulation process acting on the endeffector of the
exoskeletal system.
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A. State of the Art

Robotics studies have addressed exoskeletons as assistance
devices e.g. in the field of rehabilitation [1], [2]. Diverse
exoskeleton control algorithms for supporting human users
in object transport tasks exisit for upper [3] and lower limbs
(4], [5].

Studies in the field of human neuromechanics focused
on modeling the musculoskeletal plant dynamics including
several motor control hypotheses [6], [7], [8], [9]. Those
studies cover diverse body parts, e.g. legs [6], [7], neck
[8], and upper limb [9] together with intransitive and tool-
mediated tasks.

The simplicity and effectiveness by which the central
nervous system controls the upper limbs invoke a principle of
dimensionality reduction [10]. A powertful framework aiming
to account for it is the concept of sensorimotor synergies
[11], [12]. The essential idea of the synergy framework is
to represent control variables in a lower dimensional space,
denoted the latent space in this paper, through which all
mechanical degrees of freedom (DoFs) are simultaneously
manipulated via suitable coupling behaviors [13]. Such latent
spaces need to be identified on muscular [9] and kinematic
level [11].

Considering this human synergistic behavior in exoskele-
ton control and design could improve such systems. So
far, in the current state of the art (SotA) exoskeleton and
human models are usually considered separately [3], [5], [6],
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TABLE I
STATE OF THE ART: HUMAN-EXOSKELETON MODELING, CONTROL AND INTERACTION

Human Model

Exoskeleton Model

Literature Body part # Joints # Muscles  Control scheme # Joints  Control scheme Task
[6], [7] Legs 8 30 Static optimization n.a. n.a. Cycling
[8] Neck 8 72 PD + feedforward n.a. n.a. Head movements
[9] Shoulder- 4 15 Muscular  latent-space n.a. n.a. Driving/steering
elbow PID control
[3] n.a. n.a. n.a. n.a. 1 EMG-based force pre- | Loaded elbow
diction flexion/extension
[5] n.a. n.a. n.a. n.a. 1 Fuzzy impedance con- | Leg swinging
trol
[14] Legs 12 n.a. n.a. 12 Fuzzy-PID/PID Walking, stair
ascent/descent, etc.
[15] Arm Linearized n.a. n.a. 4 Impedance control Movements with no ex-
ternal force
Our work Shoulder-arm 12 42 Kinematic latent-space 6 Gravity compensation | Reaching movements/
trajectory control Power drilling

[7]. The few existing heterogeneous models often oversim-
plify the human dynamics. Typically, it is represented as a
passive subsystem that e.g. smoothly follows exoskeleton
movements [14], [15]. A significantly more human-centric
dynamics simulation in the given context seems valuable.

Tab. I summarizes some of the most relevant existing
works and highlights the contribution of this paper, which
is detailed below.

B. Contribution

In this paper we introduce a simulation tool that combines
wearable exoskeletal assistance systems with articulated hu-
man upper-limb musculoskeletal dynamics during tool use.
It can be used for a wide range of system investigations and
controller designs, such as

o design and evaluation of human-centered exoskeleton
controllers, e.g., by considering human and exoskele-
ton posture, tracking error, muscle activation/effort or
interaction forces,

« evaluation of human motor control hypotheses, and

« design and performance analysis of exoskeleton systems
during tool-mediated manipulation tasks.

The main contributions are

o a dynamics simulation of human upper limb, exoskele-
ton and their respective coupling with each other via a
virtual 6 DoF spring,

¢ kinematic synergy identification for a basic power
drilling task,

o development of a human latent-space trajectory con-
troller! based on the identified synergies, and

o kinematic and muscular analysis of the latent-space
trajectory controlled system.

'Note that this control hypothesis is only for evaluating our framework.
Its validity is not of interest in this paper.

Specifically, we discuss the recently developed 6 DoF ex-
oskeleton system 3rd arm. It was designed to support crafts-
men by compensating the weight of power tools, thus reliev-
ing the human musculoskeletal system from large payloads.
The human upper-limb neuromechanics model consists of 12
skeletal and 42 muscular DoFs. Based on the identification
of kinematic synergies for an exemplary power drilling
manipulation task, we introduce and analyze a novel human
latent-space trajectory controller.

The remainder of the paper is organized as follows (see
also Fig. 1). Section II introduces the general dynamics
model of an upper-limb exoskeleton, the model of the
3rd arm, and its controller. Section III provides the hu-
man shoulder-arm neuromechanics model. Furthermore, the
synergy identification approach and the human latent-space
trajectory control law are explained. The coupling between
human and exoskeleton during a simple drilling process
model is outlined in Sec. IV. Finally, in Sec. V quantitative
results for two cycles of a human-driven power drilling
manipulation task are discussed. Section VI concludes the
work.

II. EXOSKELETON SIMULATION MODEL
A. Rigid-body dynamics
The behavior of an n DoF upper-limb exoskeleton system
interacting with a human craftsman and a tool-mediated ma-

nipulation process acting on the endeffector can be modeled
as

My (ge)de + ce(gr, 4e) + gr(gr) + he(gr) =
T + Jg, (qe) Fr. + Jg, (qe) Fe.,, (1)

where Mg € R™*", ¢g € R" and gg € R" are the inertia
matrix, Coriolis/centrifugal and gravitational terms, respec-
tively. The term hy € R™ contains other nonlinear effects
such as elastic joint limits [16] or supportive mechanical
spring elements, while 7,,, € R™ denotes the motor torques.
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The external wrench Fg, € R® caused by the human user
acts at the coupling location F. and is included via the
corresponding Jacobian Jg_ € R%*™. The external wrench
Fg. € R® caused by manipulation processes acts at the
endeffector and is projected to joint space via the Jacobian
Jg, € RS*", We distinguish between E. and E, in order
to take into account the true locations of force application.
However, note that it would be possible to relate both forces
to only one point for the current model at hand. Jacobians
and wrenches are expressed in the inertial frame. Note also
that the joint position vector gz € R™ denotes the system
minimal coordinates after eliminating kinematic constraints
that may occur due to closed kinematic loops and gear rolling
niotions.

B. The 3rd Arm

In this paper, the exoskeleton model from the 3rd Arm
project? is used. This system aims to support a healthy human
craftsman by holding the weight of a power tool, e.g. a
drilling machine, see Fig. 2.

3 DoF shoulder

1 DoF forearm

©
Compensator 2 DoF elbow
spring
Fig. 2. CAD model of the 3rd Arm equipped with a power drill. Fg_

and F g, denote the external wrenches interacting with the exoskeleton via
endeffector E. and handle coupling location F..

The main structure is composed of three shoulder joints
gr,1—3, two elbow joints gg4_5 following the anatomy
of the human elbow, and one forearm rotation joint gg g,
i.e.,, n = 6 DoFs. The joints gg 2345 are motor-driven,
whereas gg 1,6 are back-drivable. An additional kinematic
parallel mechanism is able to couple the shoulder joint
gr,3 (responsible for flexion/extension) with the elbow joints
qE,4,5- This parallel mechanism allows to actuate these joints
with the same motor, and leads to synergy-like motions
during flexions/extensions of the human arm. In principle this
would reduce the total number of DoFs by one. However,
in this paper this kinematic coupling has no effect on the
demonstrated power drilling task, thus n = 6 still holds.
Furthermore, a built-in spring supports gravity compensation
of the exoskeleton and the power drill mounted on the
endeffector.

An “X”-shaped backrest frame is used to absorb and
transfer the load into the back and hip. The well known

243rd Arm” - Craftsmen-Force-Assistance with adaptive Human-Machine
Interaction, see https://www.irt.uni-hannover.de/36.html. Founded by Ger-
man Federal Ministry of Education and Research. The overall mechanism
of the 3rd Arm is courtesy of M. Winkler and the 3rd Arm project.

problem of asymmetric loading, caused by the dead weight,
is to be partially eliminated by positioning the battery and
electronics on the other side of the exoskeleton. However,
this problem was not completely solved in the project and is
thus not analyzed in this paper.

The specific dynamics of the 3rd Arm follow (1), where
hg := h; + 75 and 74 € RS originates from the built-in
spring to counteract gravity effects, see Fig. 2. h{, contains
other nonlinear effects.

C. Exoskeleton Control

In this paper, the exoskeleton controller provides a ac-
tive gravity compensation. It compensates for difference of

gr(gr) and 75(gr) by
Tm = S[7s(qe) + gu(gr)], 2)

where the accent L] indicates estimations of the correspond-
ing terms. The selection matrix § = diag([0 1 1 1 1 0]T)
ensures that only motor-driven joints are taken into consid-
eration.

III. HUMAN UPPER-LIMB SIMULATION MODEL

A. Upper-limb musculoskeletal dynamics

The j-skeletal DoF upper-limb musculoskeletal dynam-
ics model interacting with an exoskeleton is essentially a
multi-body dynamics system driven by its nonlinear k-DoF
muscular actuators. Similar to (1) it can be written as

M (qu)du + culqu, gu) + gulqu) + hu(qun) =
Julan) Fu + Ji (qu) Fu,,
Fy = f(u, bulgn), blgqu, du)), 3)

where qu, ¢u, Gu € R’ denote the joint-space position,
velocity, and acceleration, respectively. My € R7*J is the
positive-definite, symmetric joint-space inertia matrix, cp €
R/ the joint-space Coriolis and centrifugal force, gy € R
the joint-space gravity, and by € R7 includes other nonlinear
forces. The Jacobian Jy. € R®*7 to the coupling point H,
incorporates the external wrench Fp_ € RS, caused by the
exoskeleton and its interaction with the manipulation process.
The stacked muscle-space force vector Fy € R’;O is exerted
by musculotendinous units which are modeled as Hill-type
muscles f(-) in relation with muscle activation u € [0, 1]*,
musculotendon length and its change rate Iy, iM € R* [17].
The muscle-skeletal Jacobian matrix Jy € R**J is defined
as

_ Olm(gn) @

Ju(gu) = daq

where the negative sign originates from the natural opposi-
tion between Fy; and ly, i.e., muscle contraction (positive
force) tends to shorten the muscle length (negative length
change). The human motor controller generates an appropri-
ate muscle activation u.
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In this work, an upper-limb musculoskeletal model com-
posed of 7 = 12 skeletal DoFs and £ = 42 mus-
cles/subregions was developed. The skeletal DoFs are as-
sociated to the anatomical joints sternoclavicular, acromio-
clavicular, glenohumeral, humeroulnar, radioulnar, and ra-
diocarpal. The scapulothoracic sliding plane is considered in
hy, see (3). Fig. 3 shows the current visualization rendered
in Unity (Unity Technologies SF, USA).

acromioclavicular
sterno-
clavicular

glenohumera

humeroulnar

I

radioulnar //

*scapulothoracic
sliding plane

Fig. 3. Visualization of the 12 skeletal-DoF and 42 muscular-DoF human
upper-limb musculoskeletal model in Unity. Several muscles such as musculi
teres major et minor and musculi bi- et triceps brachii are implemented as
a 3D model, whereas the other muscles are represented by red cables.

The verification and more details of this upper-limb mus-
culoskeletal system will be left for a consecutive paper
focusing on human upper-limb neuromechanics and control.
For the current work, the model serves solely as plant
dynamics for the human motor control hypothesis outlined
next.

B. Kinematic synergy identification approach

In order to reduce the control variables for the latent-
space controller, the synergy of the desired motion needs
to be identified expressing the high-dimensional movement
in fewer coordinates.

Starting from a demonstrated joint-space trajectory
gt demo(t) € R7 V¢, kinematic synergies can e.g. be
identified via Principle Component Analysis (PCA) [18]
approximating the original motion by

qH,demo (t) %WqL (t) + qH,demoa
WtwW =1I,, ®)

where W € R7*¢ is the transformation matrix between the
joint and latent space, gu,demo = comnst. is the estimated
average posture of g demo OVer time, qr, € R® the latent-
space coordinates, s the latent-space dimensionality, and
I, € R**® the identity matrix. W is obtained by applying
Singular Value Decomposition (SVD) on a data matrix
representing the trajectory gu demo(t) V¢, see [13]. Note
that W and @m demo are task-specific, i.e., for a different
g, demo(t) Vt (different task), a new W and G, demo Will
be identified.

C. Latent-space control hypothesis

For the sole purpose of evaluating our framework, a
potential first candidate for synergy-based upper limb control
is introduced. However, note that its validity is not of
interest at this stage. The human muscle-space controller is
composed of 1) a latent-space trajectory controller, 2) a null-
space posture controller, and 3) a muscle-force controller, see
Fig. 4.

The latent-space trajectory controller is defined as

Fyg, = KM,LJMW[QL,d - QL]
+DM,LJMW[QL,d - QLL (6)

where Ky, Dy € R*2%42 denote constant muscle-
space impedance matrices, and qr, 4 the desired latent-space
coordinates.

The posture controller intents to keep the system in the
neighborhood of the average posture gu demo- It is defined
as

Fup = Ky pdvi Nyt Ny (@i, demo — Ga |
—DypJviNwr Nyyrdu, ()

where Kyip, Dyp € R*2%42 denote the muscle-space
impedance matrices, and Nyt an orthonormal basis for the
null space of WT. With the desired muscle-space force

FM,d = maX(O, FM,L + FM,p) 8)

the muscle-force controller outputs the muscle activation
uzi/zvdw_%qEqHﬂFMd—FM] ®

Herein T € R*2%42 denotes the positive diagonal integral
time constant matrix, and ¥ (g, gu) € R*?*42 the diagonal
matrix for muscle force-activation linearization, i.e.,

- of (u, lM(QH)aiM(QHaqH)) .

v ou

(10)

The musculotendious parameters, such as maximum iso-
metric force or muscle optimum length, in function f(-) are
taken from [19]. In future work, we will plan to extend the
controller with muscular synergies (muscular latent space)
and latent-space impedance matrices.
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Fig. 4. Block diagram of the heterogeneous coupled human-exoskeleton system with human muscle-space control.
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Fig. 5. Visualization of the human-exoskeleton system, where H. and E.
denote the coupling points.

D. Joint-space trajectory control

For comparison with the proposed controller defined by
(6), (7) and (8), we use a basic joint-space trajectory con-
troller, which is defined as

Fy,a = max (0, Ky 3Jw [gH demo — GH]

+Dy, sy [didemo — GH)), (11

where Ky j, Dyv,y € R*¥2%42 denote the diagonal muscle-
space impedance matrices.

IV. COUPLED HUMAN-EXOSKELETON SYSTEM

For building a heterogenous human-exoskeleton simula-
tion, the human upper-limb neuromechanics and the ex-
oskeleton dynamics have to be coupled meaningfully, see
Fig. 5.

For sake of simplicity, the subsystems are assumed to have
a fixed base, meaning the human thorax and the exoskeleton
shoulder bases are fixed in space and are not able to move.
However, the 3rd Arm is designed to be wearable, thus a
floating base extension will be considered in the future.
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Eo e
?)D ———50% k.
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0
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Fig. 6. Modeling of spring coupling by varying the reference spring
stiffness k¢ = [5 5 5|7 kN/m and k, = [2.86 2.86 2.86]T kNm/deg,
see (13) and (14). yy, denotes the Cartesian position of H. in y-direction
expressed in world coordinates.

A. Coupling stiffness

On the exoskeleton side, coupling is assumed to act
through the handle where also the power drill is attached,
see F. in Fig. 2. On the human side, the coupling point is
located at the human hand, see H. in Fig. 3. It is modeled as
a 6-dimensional virtual spring according [20]. Physically, this
6-dimensional virtual spring is equivalent to three rotatory
1-DoF springs mounted in a gimbal structure connecting the
hand and the handle together with three translational 1-DoF
springs.

The wrenches acting at point F, and H, expressed in local
spring frame are defined as

P L P (12)
my,
The resulting coupling force fy, € R? is
fu, = —diag(k:)r, (13)

where k; € R3 is the translational stiffness of the spring
and r € R3 the position difference between H,. and F.. The
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corresponding moment my, € R3 is

my, = —J; " (p)diag(k:)e, (14)

where ¢ € R? is the orientation difference in Euler angle
representation, J,, € R3*3 is the Jacobian between Euler
angle velocities and angular velocities and k, € R? denotes
the three rotational stiffness values, see [20].

This approach decouples the subsystems human and ex-
oskeleton via a 6-DoF spring. The effect of the spring on
the coupling behavior is shown for various stiffnesses in
Fig. 6 during a Cartesian movement in y-direction, see Fig. 3.
Obviously, the larger the stiffness the smaller the difference
between M. and FE.. Additionally, a damper is placed in
parallel to the spring in order to reduce unrealistic vibration
effects.

B. Alternative coupling approaches

Other alternatives for coupling the subsystems would be
to formulate implicit kinematic constraints resulting from the
kinematic chain of both subsystems. In this case, one could
calculate the constraint forces via Lagrange multipliers and
the coordinate partitioning approach [21], or via Gauss’s
principle of least constraints via Udwadia-Kalaba equa-
tion [22]. However, these methods are more complex and
computationally costly. Furthermore, the proposed coupling
spring approach exhibits a reasonable pose difference during
operation, see Fig. 6.

C. Process Model

In this paper, the power drilling process is modeled as a
time-varying process wrench F,(t) € R® described in task
frame. It is composed of the Cartesian forces and moments,
acting at the endeffector of the exoskeleton, i.e., Fg =
R F, in (1). R € R5%% denotes the wrench rotation matrix
from task to inertial frame.

V. SIMULATION RESULTS

In the overall evaluation scenario, a human craftsman is
equipped with an exoskeleton drilling a hole into a wall using
a power drilling machine, see Fig. 7. The human is controlled
in muscle space following the latent trajectory of an exem-
plary drilling movement. The exoskeleton compensates for
gravity effects of the power tool. Furthermore, a time-varying
process force F p is applied when contacting the wall. In this
paper, following investigations are made.

wall @

Max. @

drill depth

Half ®

drill depth

Image sequence of the drilling task. See also the video attachment of this paper.
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Fig. 8. PCA identification of the kinematic latent space. An s-dimensional
latent representation describes % of total variance with a certain reconstruc-
tion error.

1) We evaluate the tracking behavior when the controller
follows a low-dimensional trajectory (Sec. III-C) or
a high-dimensional trajectory (Sec. III-D). We would
expect essentially the same tracking accuracy while
considering fewer dimensions.

2) We analyze human muscle effort £ (see (16)) with
and without exoskeletal assistance. In the former case,
we expect significantly reduced muscle effort. Further-
more, we analyze £ during external wrenches Fp # 0
in comparison to a contact-free movement Fp = 0,
where a reduced muscle effort £ would be expected.

A. Kinematic synergy identification

Based on a given 12-DoF human joint-space drilling tra-
jectory qHydem(ﬁ, a two-dimensional latent-space trajectory
qp, is identified (see Sec. III-B). Fig. 8 shows the results
of PCA, leading to s = 2, cf. (5). In the following, the
identified latent-space is used to generate the input for the
human muscle-space controller from Sec. III-C.

B. Latent-space trajectory vs. joint-space trajectory control

The human muscle-space controller parameters in (6), (7)
and (9) are determined empirically to achieve satisfactory
tracking behavior: Ky 1, = Ky p = 4 MN/m Iys, Dy 1, =
Dy p = 60 kNs/m Iys and T~ = 100 s™! Iy. The
process wrench is set to

T
Fo(t) = [00 —10]N [0 0 —2]Nm]| , t1§t<t2’
[0TN 0TNm]T, else

(15)

3This joint-space trajectory is generated by applying inverse kinematics
to a predefined Cartesian path.

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing
pubs-permissions@ieee.org.




This is the author's version of an article that has been published in the conference proceedings.
Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/SIMPAR.2018.8376286

= 05 —
dﬁ m ——quid[
5 0Fr I
= | : — qu
& o5 ! Lo ‘ ‘ ‘ ‘ |
3 005 | i
= ok N T dad)
o - — 2
& 00s — ' ' ' ' !
'z‘ 10 ‘r : ‘
= st
B
= s s s ‘
go2r
Z
nlr
)
E 0 L L L i
=0 2 4 6 8 10 12
¢ [s]
Fig. 9. Tracking of latent coordinates gy, during two consecutive cycles

of a drilling task. The annotated numbers 1, 2 and 4 correspond to Fig. 7.

where ¢ is the time of wall contact and t5 is the time of
reaching the maximum drilling depth. Note that the task and
inertial frame remain parallel to each other throughout the
entire drilling task. Fig. 9 shows good tracking performance
for qp, together with the applied process wrench F, (see
15).

Now, we compare this controller with the joint-space
trajectory controller (11), when using the same controller
parameters, le., KMJ = KM,L = KMyp, DMJ = DM,L =
Dy p. This means that instead of tracking only a two-
dimensional latent-space trajectory, this controller tracks all
12 original joints from gy demo, resulting in gu ;.

Fig. 11 depicts the 12-dimensional joint positions of the
originally demonstrated movement gpdemo together with
the results from the joint-space trajectory controller and the
latent-space trajectory controller. As anticipated, the joint po-
sition error is nearly the same for both controllers. However,
the latent-space trajectory requires fewer dimensions, while
achieving similar tracking behavior.

C. Muscle effort analysis

Using the overall simulation framework one is able to
investigate human muscle activities/efforts as well. For ex-
ample, we evaluate the effectiveness of the exoskeletal as-
sistance. As an evaluation metric we define muscle effort

& cR* to be
tend
= [umar
0

where t.,q denotes the end of the drilling task. As one ex-
pects, Fig. 10 shows that the muscle efforts are significantly
reduced when the human user is assisted by the exoskeleton.
Furthermore, we compare the scenarios with and without the
process wrench given by (15). Clearly, only slightly smaller
& is required.

(16)

VI. CONCLUSION

In this work, we developed a more complete and com-
plex dynamics simulation tool for an upper-limb human-
exoskeleton system performing a exemplary power drilling

M. subclavius — -
M. serratus anterior - Pars superior 1
M. serratus anterior - Pars intermedia -
M. serratus anterior - Pars inferior -
M. wrapezius - Pars descendens -
M. trapezius - Pars transversa, C —
M. trapezius - Pars transversa, T -
M. trapezius - Pars ascendens
M. levator scapulae
M. rthomboideus minor -
-
=

M. rhomboideus major - superior

M. rhomboideus major - inferior

M. pectoralis minor

M. pectoralis major - Pars clavicularis = -
M. pectoralis major - Pars sternocostalis [~ -
M. pectoralis major - Pars abdominalis [~ -
M. latissimus dorsi - thoracic |- 1

M. latissimus dorsi - lumbar [~ -

M. latissimus dorsi - iliac [~ -

M. deltoideus - Pars clavicularis .

M. deltoideus - Pars acromialis B

M. deltoideus - Pars spinalis [~ 1

M. supraspinatus -

M. infraspinatus & B

M. subscapularis [~ F, not applied,
M. teres minor [~ with exoskeleton 1
M. teres major [~ F, applied, M
M. coracobrachialis [~ with exoskeleton  H
M. triceps brachii - Caput longum — F P applied, H
M. triceps brachii - Caput mediale |- without exoskeleton ||

M. triceps brachii - Caput laterale |~ -
M. biceps brachii - Caput breve [ 1
M. biceps brachii - Caput longum -
M. brachialis B

M. brachioradialis B

M. supinator -

M. pronator teres 1

M. flexor carpi radialis -

M. flexor carpi ulnaris -

M. extensor carpi radialis longus -
M. extensor carpi radialis brevis -
M. extensor carpi ulnaris | | -

0 5 10
muscle effort

Fig. 10. The muscle effort exerted by each muscle for the power drilling
task with and without the process force F,, as well as with and without
exoskeletal assistance.

task. With this, it is possible to design and evaluate di-
verse human motor control hypotheses in different manip-
ulation tasks. Besides, one may investigate human-centered
exoskeleton controllers regarding human and exoskeleton
posture, tracking error, muscle activation/effort, or interac-
tion wrenches. Exemplarily, we implemented and evaluated
a human motor latent-space trajectory control hypothesis,
which provides a similar tracking behavior as a standard
joint-space trajectory controller. Furthermore, we analyzed
human muscle effort 1) by comparing the scenarios with
and without exoskeletal assistance and 2) for an occurring
external wrench compared to a contactless movement.
Building on this tool, future work will address
1) the extension to a floating base controlled exoskeleton,
2) the extension of the human musculoskeletal model with
more muscles and further limbs,
3) the enhancement of the proposed human motor con-
trol algorithm with muscle synergies and latent-space
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Fig. 11.

This is the author's version of an article that has been published in the conference proceedings.
Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/SIMPAR.2018.8376286

7 12 3
— — (¢Hdemo 2
— _— — 1135 — 13 - - [—
B mLoE ¥ |/ [V F e
PO R f
= 7 2o - MR P - [ [
| \
é o é E [ [ é 24 — .
S 105 L/ e | L.
- Y / 22
10 10 2
2 i 9
0 [ N\ — ~ -
{ ‘I L} 175 ‘\ l 1} ‘.
T rFe e GRS R
. I AR -} AR, -] NN S
w W, W, o 10 | 1 I Vo " ““‘ ! 1 w0 7 1 ! \ :
), | ‘ P ‘
& o & N W N8 O O L T AN T N IR U R U
a5 L ‘ . |§, L : ) - -
J -
1 20
90 75 18
3 A { ~ s ~ A A
— — \ —
Wl | ! g™ ;s-\ P N I AN R B et R
@ \ \ g [ AT} [ V@ Vo
5] ! i 1 ! o, { | L= | \ i o, | \ |
= S R e e R \ \ -20 b v
@ Vo =] } \ i - | Vo (N Lo /
N E O A - B / LB \ Vo
\ Vo &5l \_ N & J \J \ & = Ay
\_/
60 7 4 2
0 5 10 0 5 10 0 5 10 0 5 10
t sl t sl t Is| t[s|

impedance, including stability analysis,

4} task-specific and human-centered exoskeleton control

that helps execute tasks, and

5) the implementation of a more realistic process model.
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