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Abstract: Exoskeletons are powerful tools for aiding humans with pathological conditions, in danger-
ous environments or in manually exhausting tasks. Typically, they are designed for specific maximum
scenarios without taking into account the diversity of tasks and the individuality of the user. To
address this discrepancy, a framework was developed for personalizing an exoskeleton by scaling
the components, especially the electrical machine, based on different simulated human muscle forces.
The main idea was to scale a numerical arm model based on body mass and height to predict different
movements representing both manual labor and daily activities. The predicted torques necessary
to produce these movements were then used to generate a load/performance cycle for the power
unit design. Considering these torques, main operation points of this load cycle were defined and
a reference power unit was scaled and optimized. Therefore, a scalability model for an electrical
machine is introduced. This individual adaptation and scaling of the power unit for different users
leads to a better performance and a lighter design.

Keywords: axial flux machine; exoskeletons; human arm model; multiphase electrical machines;
permanent magnet machines; personalization

1. Introduction

The application areas of exoskeletons are as wide-ranging as the requirements for the
drive units. In medical environments, exoskeletons can be used for the rehabilitation of
motor-impaired patients, for one, or permanently to compensate for muscle/neurological
diseases. In addition to medical applications, exoskeletons are also employed in industrial
environments. Here, they support workers during heavy activities in order to counteract
long-term damage to the body. In [1,2], the usage of exoskeletons in industrial environments
is investigated, and displays an increase in productivity. Smets [3] shows the challenges
of this practice in his study. He states that a “one for all solution” is not effective because
the different requirements of the users cannot be met to the same extent and thus the use
of the exoskeletons by workers is negated. In addition, the weight and comfort of the
exoskeletons are brought up as major criteria. The classic design process of exoskeleton
power units focuses on maximum loads, whereas the interaction with the human force
component is neglected. This leads to an oversizing of the drivetrain and thus to a high
weight. This problem was also stated in a recent review of the design of current upper limb
exoskeletons by Gull et al. [4]. More specifically, they defined the still unsolved challenge of
designing novel exoskeletons based on neuro-musculoskeletal models. In the following, we
present some of the earlier studies that investigated human- and task-centered approaches
to more accurately design the drive system and the exoskeleton.

Shao et al. [5] optimized the design of a three-DOF cable-driven upper arm exoskeleton
by minimizing the force exerted on a numerical arm model. Using this optimization based
on the mechanical arm model, they were able to ensure that one representative user could

Robotics 2022, 11, 107. https:/ /doi.org/10.3390/robotics11050107

https://www.mdpi.com/journal/robotics


https://doi.org/10.3390/robotics11050107
https://doi.org/10.3390/robotics11050107
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/robotics
https://www.mdpi.com
https://orcid.org/0000-0003-4545-0665
https://orcid.org/0000-0002-2820-5791
https://orcid.org/0000-0003-0978-7447
https://orcid.org/0000-0002-7768-8961
https://doi.org/10.3390/robotics11050107
https://www.mdpi.com/journal/robotics
https://www.mdpi.com/article/10.3390/robotics11050107?type=check_update&version=2

Robotics 2022, 11, 107

20f18

perform all motions over a large range of motion, though the muscle dynamics were
neglected. Zhou et al. [6] proposed a method used to optimize the design of robotic
exoskeletons using simulations of a musculoskeletal arm model to addresses the individual
requirements of the user. Here, they optimized the stiffnesses of a simplistic exoskeleton
based on linkages arranged as a parallelogram at the example of a generic arm model driven
by recorded human motion data. Zoss [7] also used clinical gait data (CGA) to design a
lower body exoskeleton. Using these data for a scaled generic human in combination with
a simple power analysis, they showed that appropriately sized electric actuators could
be chosen, leading to a decrease in power consumption, with the disadvantage of being
twice as heavy as the original actuation. To overcome this drawback of overdimensioned
actuators, Toxiri et al. [8] focus on a specific use case of the exoskeleton and generate the
requirements for the drive system based on this by including an elastic element acting
to the mechanical in parallel. Calanca [9] uses both of the different requirements and
adapts his drive systems with commercially available components for the gearbox and
electric drives to better fit the drive systems to the user. All of these approaches show a
significant increase in the user’s acceptance of using the exoskeletons, but they still do not
adequately meet the user’s individual needs. Most of the presented approaches require
real human motion data to drive the biomechanical model, which has the disadvantage
of novel and potentially dangerous tasks not being able to be tested virtually a priori.
Furthermore, all of them optimized the exoskeletons design for one generic biomechanical
model. Therefore, typically, only one or two design variables could be optimized, whereas
a greater fine-tuning of the drive system requires individual scaling of the electric machine.

In [10,11], a general approach for scaling electromagnetic systems is presented. Pries
further shows that an electric machine can be scaled with a constant parameter. This
approach is refined in [12,13]. It scales the outer diameter as well as the active length of an
electric drive via parameters and optimizes it to the driving cycle of electric mobility. This
shows a significant increase in efficiency as well as torque density. Seok [14] gives a similar
approach, where he scales the outer diameter and axial length of the motor for a legged
robot. This approach shows a good adaption to the desired task, but is still limited to a
few geometric motor parameters. A major remaining challenge in scaling is the production
of the drive in quantities of one. However, many concepts of additive manufacturing for
electric drives have been presented recently that can solve this challenge [15-17].

It has been found that, in order to create an individual exoskeleton for the individual
user, the physiology of the user must be recorded and taken into account. Furthermore, the
performed task has to be investigated and then the drive system has to be scaled according
to these requirements in order to generate a drive system that is as light and efficient
as possible.

This personalized design process, which is currently unknown to the author in the
literature, shall be further examined in this approach. For this purpose, a scalable human
arm model shall be created, which represents the individual user’s exoskeleton require-
ments. Finally, a novel scaling model of a drive unit is presented in order to implement an
individual drive. The purpose of this study is to optimize the design process for personal-
ized exoskeletons to reduce the weight and increase the power density of exoskeletons. To
this end, the unique body dimensions of each person and the required task are considered.
In a first step, the body dimensions were used as the input for a scalable human model
(see Section 2.2) to generate the occurring forces for the desired task. Therefore, the total
height Ip and mass mp of the body was measured. To define the task trajectory, the entire
movement was split up into sub-movements with a defined start and target angles of the
elbow and the shoulder joint. Resulting torques were analyzed and used to generate a load
cycle for the power unit design (see Section 2.5). The defined main operation points, in
addition to user-dependent constraints such as mass and size, were used to scale a reference
power unit for the specialized needs (see Section 2.6). In Figure 1, a schematic overview of
the design process and the structure of this paper is given.
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Figure 1. Schematic overview of the design method in this approach.

The novelty of this work is the combined virtual prototyping environment coupling
the forward dynamic simulation of different scaled musculoskeletal arm models with the
scaling of the electrical machine. To this end, a novel scaling model for a geometrical scaled
drive unit is introduced.

Use Case

The design approach introduced in this paper was demonstrated by the example of an
upper body exoskeleton, more specifically, on the elbow power unit. As a representation
of a human model, an arm model with a shoulder and elbow joint was used to predict
movement parameters necessary for the power unit design. The power unit scalability
model was introduced for an axial flux machine; in particular, five geometric parameters of
the axial flux machine were scaled, and this model was verified on a five-phase air-cored
case study. Further, the general approach should be applicable to any exoskeleton with
any electrical machine design used for the support of different body parts. However, the
applied constraints and feasibility were specified on this case study. The study case of the
air-cored machine allows us to neglect the iron core losses and non-linear effects of iron in
the machine.

2. Materials and Methods
2.1. Definition of Movement

To demonstrate that the power unit is designed for a representative biological move-
ment range of the arm, the following movement matrix is defined. Consider both flexion
and extension movements for one- and two-joint movements with different velocities
in three different conditions: without additional weight (no load), lifting a fixed weight
(2.5kg) and a scaled weight (100% arm weight). In total, this represents eight different
cases shown in Table 1 and visualized in Figure 2. The chosen angle deviation is 90° for
both the shoulder ®g and the elbow joint @f in the two-joint movement in order to include
a wide range of motion.

Table 1. Movement matrix.

Cases Start to Target Angle [Of, O] Mov. Duration DoF
A [00°,00°] to [—90°,—90°] flex. 1.2s two joints
B [—90°,—90°] to [00°,00°] ext. 12s two joints
C [00°,00°] to [00°,—90°] flex. 1.2s one joint
D [00°,—90°] to [00°,00°] ext. 1.2s one joint
E [00°,00°] to [—90°,—90°] flex. 0.6s two joints
F [—90°,—90°] to [00°,00°] ext. 0.6s two joints
G [00°,00°] to [00°,—90°]  flex. 0.6s one joint
H [00°,—90°] to [00°,00°] ext. 0.6s one joint
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Furthermore, a target position of 90° for both joints is a typical position in manual
labor such as overhead drilling [1,2], which is a potential application for this exo power
unit. Another potential use case is exos in rehabilitation, where single-joint movements
are often performed in typical exercises [18]. All cases include representations of typical
daily activities; for instance, opening a door or carrying objects. Apart from joint angle
configuration, movement speed and movement duration typically have a crucial influence
on biomechanical parameters such as torque. Therefore, two typical movement durations
were selected to represent both faster (0.6 s) and slower (1.2s) movements [19,20].

B,F

(a) Arm joint angles in deg (b) Two degrees of freedom (c) One degree of freedom

Figure 2. Visualization of arm model with the considered movement matrix. In (a), the defined
angles are shown. (b,c) show the start and target positions of the movements as well as the
controlled trajectory.

2.2. Arm Model

Modeling the lifting movement, the “Arm26” model as described in [21] was used. It
consists of two joints (elbow and shoulder) and six muscles, modeled as Hill-type muscles
(see Figure 2a). Here, each joint was actuated with two monoarticular muscles, as well
as two biarticular muscles. The dynamics of the skeletal system were modeled as rigid
bodies solving the Euler-Lagrange equation. Furthermore, the muscle model consisted of
an extended Hill-type muscle model with a more realistic eccentric force—velocity relation
and serial damping as shown in [22,23]. The routing of the muscle path around the joints
was accomplished using deflection ellipses as described in [24] and we included nonlinear
activation dynamics according to [25]. For a more detailed description, we refer to the
supplementary material of [21]. Additionally, physiological joint limits were included as
linear one-sided spring-damper elements. Note that the arm model was implemented
using Matlab®/Simulink® version 2018a with the Simscape Multibody " environment.

It was scaled for three different human sizes: FO5, M50, M95. These model sizes are
typically used in biomechanical studies, e.g., in car occupant models [26] and pedestrian
safety models [27,28] among others. The reason behind this is because the range between
the 5th percentile female and the 95th percentile male (in both size and weight) represents
90% of the population. The total body height Iz and total body mass mp used in this study
were taken from [29] as shown in Table 2.

Table 2. Total height and weight for three typical human percentiles commonly used in
ergonomic studies.

Description Unit Fo5 M50 M95

total height Ip m 1.535 1.750 1.855
total weight mp kg 52.000 79.000 100.000
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2.3. Scaling Approach

For scaling a musculoskeletal model, three sets of parameters need to be modified:
first, the geometry of the model, including segment lengths, segment masses, centers of
mass and moments of inertia, needs to be scaled. These quantities were scaled linearly
based on the total height of the considered person /g and the total body mass mp. The
linear scaling factors used for the “Arm26” model were taken from Winter et al. [30].

The second set of parameters that were scaled includes all muscle lengths, i.e., muscle
attachment points relative to the bones (muscle origin, insertion and deflection points),
as well as the muscle-length-dependent parameters /“F°Pt and ISFEQ. These were scaled
proportionally to the segment lengths and used the “Arm26” model as reference [21].

Finally, the maximum isometric force Frax of all muscles needs to be scaled. Since this
force is linearly related to physiological cross-sectional area (PCSA), the PCSA was scaled
instead. This cross-sectional area PCSA can, in turn, be scaled dependent on the total body
mass mp [31]. Notably, all parameters can be scaled depending on the total body height /5
and mass mp. Although statistical parameters (as given in [29]) were used for these two
quantities, they can easily be exchanged for subject-specific modifications.

2.4. Control

As desired movement trajectory, a minimum jerk trajectory with a fifth-order poly-
nomial was implemented to ensure a smooth trajectory in accordance with [32]. This
higher-level input @{(t) was then transformed into a triphasic stimulation pattern u(t)
using the pattern search algorithm in Matlab® (as described in [33]). The assumption
to use a triphasic stimulation pattern as in [33] is justified because, during fast point-to-
point movements, three phases in the muscle surface electromyogram (EMG) patterns
are typically observed [34,35]. This corresponds to an acceleration phase where mostly
the agonist muscles are active, which is followed by a braking phase of the antagonistic
muscles, until the arm is kept in the desired end position in the final phase. Based on this
muscle stimulation, a forward-dynamic simulation of the arm model was performed.

2.5. Load Cycle Analysis

The necessary torque Tjoaq,0p¢ to perform the actions in time was specified by a dy-
namic simulation based on classical mechanics with an inverse dynamics approach. This
theoretical torque curve was compared to the results of the human arm model, from which,
the required supporting torque of the power unit was calculated.

To generate load profiles for the electrical machine, the required movement was
simulated with and without additional load. To the user, the movement with an added
weight should feel comparable to an unloaded movement. This signifies that the movement
velocity should be equal to the optimal unloaded movement velocity wopt.

Treq = Tload,opt - kper Tioad — (1 - kper) ThoLoad (1)

Wreq = Wopt ()

The support torque is individually adjustable. The constant k., describes the power
factor of the person. If ke is set to one, the person will take the full load of the load cycle,
which means that there will be no support of the drive unit. If the constant is zero, the
weighted movement will feel like the unloaded movement. However, independent of
kper, the difference in the torque curves is supported to match the optimal trajectory. In
Figure 3, exemplary torque curves are visualized. More torque curves are presented in the
Appendix A (c.f. Figures A1-A4). The torque-speed plane was then calculated with (1)
and (2) and presented in Figure 4 for three different people for movement A with 100%
additional arm weight.
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Figure 3. Simulated load cycle comparison for the movements, case A and E (see Table 1), with
different movement durations ¢, and loads 1;,,,. The solid black line shows the optimal trajectory
and torque curve Tjy44 ¢ Of the M50 with 100% arm weight. In (a,b) the joint angles of the elbow and
in (c,d) the resulting torque in the elbow joint during the performed task are presented. Further, in
(c), exemplary for M50, the torque curves used in (1) are marked.
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Figure 4. Clustering result for all persons for case A with the relative weight of 100% arm weight
and a support of kper = 0.5. The cluster centroids with their statistical weight. The size of the
cluster weight circle shows how many points and how much loss power are grouped in this cluster,
statistically related to the number of all points and total loss power of the load cycle. The maximum
operation point later is used as EM design point.

To ensure that all requirements were met, the maximum operating point (maximum
speed, maximum torque) was used as the design point for calculating the electric machine.
In addition to the maximum operating point, all other operating points are also relevant for
the optimum design of the drive, since the loss energy varies in each one, respectively. In
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this context, partial load points may occur more frequently in a load cycle, where a high
efficiency would be desirable. To optimize the overall efficiency over the course of a load
cycle, the efficiency has to be considered at each stage thereof. Determining these is very
computationally and time consuming for variable electric machines during optimization.
Consequently, a reduction of these points needs to be considered. Data downsampling
alone could lead to a loss of information about the cycle, which is not recommended. For
data reduction, cluster algorithms are a promising approach. Various methods of analyzing
driving cycles are presented in the literature [36,37]. Besides the thorough knowledge of
experts used to generate relevant operating points, the k-means machine learning algorithm
is superior to other algorithms mentioned there. This algorithm generates a centroid by
using the Euclidian distance for a given number of clusters under consideration of different
similarity constraints [38].

In this approach, in addition to the torque/speed characteristic and considering
the physical behavior in the cluster algorithm, the power dissipation was chosen as a
supplemental constraint. In robotic applications, especially in this case study, the amount
of copper losses is dominant and calculated with

PL,C = kﬂZ Rph Treq2 . 3)
T
Here, the phase resistance R, the number of phases m and the torque constant kr of
the reference motor were used. Based on the clustering results with three clusters (Figure 4),
the elaborated points can be used for electrical machine scaling instead of using all data
points. Furthermore, the clusters were weighted based on the time of the cycle within the
cluster multiplied by the copper losses related to the total loss power.

2.6. Power Unit Design
2.6.1. Reference Machine

The reference power unit (PU) in this approach consisted of a yokeless double-sided
axial flux machine (AFM). In [39], the AFM was geometrically compared to other motor
topologies, such as radial and transversal flux machines [40]. The result shows that the
AFM is beneficial over other topologies for torque production in flat application fields.
The AFM was connected to a harmonic drive gear (HD) by a toothed belt. The optimal
gear ratio was designed in accordance with [41], where the stator current of the electrical
machine considering a known LC was minimized. This leads to a total gear reduction of
ic = 235, on average, for different load cycles. The gear ratio is quite high for dynamic
applications. This leads to some issues in back drivability of the system, which can be
handled through compensating control algorithms. The gear ratio is adaptable and not
necessarily fixed for the scaling approach.

Finally, this leads to a design torque of T4rpr = 180 mNm of the AFM. The DC-Link
voltage of the reference machine was set to 48 V. Stator housing and coil holders, presented
in Figure 5, are made of 3D-printed PLA. Hence, small adjustments in geometry scaling are

easily implementable.
Coil Winding

\
s i
Housing fixed

() (b)

Figure 5. Reference power unit design prototype. (a) Power unit for an elbow. All housing compo-

[Harmonic Drive Gearj

Housing mobile

nents are made of 3D-printed PLA. (b) 3D-printed coil holders with winding.
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2.6.2. Scaling Approach

Figure 6 shows the considered geometry and introduces the geometrical scaling
parameters. The general topology was set to a five-phase machine with a stator pole pair
number of one. To increase the winding factor, a rotor pole pair number of three was chosen.

@) (b)

Figure 6. Geometry drawings of yokeless double-sided axial flux machine with relevant design

parameters. The outer diameter of the AFM is expressed by d,,;. The ratio between the inner
diameter and the outer diameter is expressed through kp. The winding area is defined through the
height hyy and the width by. The coil width is defined with 7¢. The winding is implemented parallel
along radial direction. The heights of the permanent magnets /1pjs and the width 7, are shown. The
rotor height is given with hg. (a) Cut view on the middle radius. (b) Top view.

The scaling approach utilized in this paper was based on analytical functions that are
presented in literature [42,43]. This means varying the machine parameters to a certain
extent around the reference machine design. The general scaling law can be given for x as
product of xg, the considered value of the reference machine and cy, the scaling factor of x.
Rearranging this leads to the desired relationship

x
Cx = o (4)
Further, x can be set to every parameter of the electrical machine and can be defined
as x = f(dout,kp, hy, . ..). Applying (4) to every parameter leads to the general model

Cyx :f(cdout’cko’chwl"')' (5)

The general scaling law in (5) can basically be applied to all of the output quantities.
For some relationships, it is convenient to introduce so-called auxiliary constants. These
will be abbreviated with fx and depend solely on values of the reference machine and
physical, material or other auxiliary constants.

In the following, an example for the torque is given. The torque is calculated as

i .
Tarm = 1 Coow Bs Aarm dout® (kp — kp®). (6)

The winding factor {y,,, the flux density Bs and the current density A 4rys are given.
In case of the torque equation, the scaling model is defined as

Tarm
cr = T = Cel Cmagn Cgeom- (7)

For a better understanding of the scaling influences, they can be grouped into elec-
trical, magnetic and geometrical dependencies. In this paper, the geometrical scaling is
investigated. Geometrical cross-dependencies to magnetical and electrical scaling are con-
sidered. The scaling parameters are defined as A = (Cdout’CkD’Chw’CbN’ChPM)T' Further,
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it is implicated that the electrical and magnetic load of the electrical machine should be
constant. In other words, the winding scheme, magnet topology, etc., are fixed. In terms of
the magnetic flux density Bs in the air gap, there is a geometric relationship between the
height of the permanent magnet hpy and the height of the winding hy. This dependency
leads to additional constraints that are considered for the solution of the problem. In (8),
(see following page) the torque scaling model is given. Important parts in this equation are
the scaling factors for the winding factor c;, (1) and the edge leakage factor ¢y, (A).

The winding factor is investigated in [44]. The scaling behavior was simplified to the
carrier wave of the system on the centered radius in this case. Then, the trigonometric
functions were mapped to a third grade Taylor polynomial, which maps the function with
less than one percent error.

The leakage factor contemplates the edge effects of the permanent magnets on the outer
and inner radius of the machine. Furthermore, the shortcut effects between the permanent
magnets are taken into account. This factor is based on an average area reduction of the
permanent magnet, thus leading to a reduction in the magnetic flux density in the air gap.

In addition, torque cT, speed c., mass ¢y, acceleration ¢, and efficiency c; are defined
as necessary values for scaling in personalization for exo drives. The detailed model
functions are given in (8) to (12).

The exemplary design area generated from the model (Figure 7) depends on the
first three geometric scaling factors of A. All other scaling factors are kept constant
for visualization.

0.5 1.0 1.5 2.0 2.5

CkD 0.5 Cdout

Figure 7. Model dependency on three exemplary different scale factors. The iso-surfaces visualize
the scaling of the torque. The contour lines in the axes limit show the scaling for all model outputs.

The model provides the opportunity to generate these design areas for all different
kinds of scaling factors. To solve the model for the load cycles as defined in Section 2.5, the
intersubsection points of these scaling functions must be identified.
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u ChW CbN

2.6.3. Solving

The model equations are solved with the Levenberg-Marquardt algorithm, which is
based on the least-square algorithm method. The solvability strongly depends on the initial
points. Therefore, a multi-start algorithm is used to check a wide range of initial points.
A pre-calculated geometrically feasibility check of the initial points restricts the solver to
start only with feasible initial points. The solution is based on the following equations.
From the load cycle analysis, in combination with the individual body requirements of
the user, minimal needed values are identifiable. Therefore, the maximum needed torque
Tinax,req (see (13)) and the minimum necessary acceleration &y, (see (15)) that fulfil the
load cycle are determined. Depending on the user, a maximum weight 1,4y user Of the
electrical machine is chosen (see (14)).

CT()\) — Treq/Ty = 0 (13)
Cm ()\) — mmax,user/mg S 0 (14)
’Xmin,req/ﬂ(o — Cy ()\) S 0 (15)

Only in the case of the demanded torque is a strict maximum bond given. For the
acceleration and mass, soft maximum and minimum bonds are given. In other words, only
the necessary torque should be exactly achieved. Should it be possible through scaling to
achieve a lighter motor than the permissible weight or more dynamics as the demanded
acceleration for a higher efficiency, the solver can choose this solution. This leads to a better
performance of the solver.

2.6.4. Constraints

An important part of scaling definitions is to define the feasible possibilities of the
model. Therefore, the following constraints are examined.

For the geometric feasibility, the maximum possible assembly space for the power
unit is considered, as well as the space constraint at the inner radius of the AFM. Here, the
width of the winding slot has to be small enough to fit two times within the pole pitch of

the AFM:
Chy . dout kD E <0 (16)
Cdyut Ckp 2 bN m

h

Under consideration of a parallel slot opening over the machine diameter, the factor
f1 has to be adapted to

f1 = sin(7/m). (17)
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As mentioned in [39], the double-sided AFM is beneficial over a radial flux machine
(RFM) if the assembly space factor c 4 is smaller than one. Therefore,

o’ fari —Cxfaretfr2 1
e’ ey (fie — (fie = Dewy?)  far

is defined, where c, describes the ratio between the outer diameter and the active length in
terms of the machine geometry.

Besides the geometric constraints, thermal constraints were implemented as well.
The thermal behavior of the AFM was controlled through the maximum allowed current
line density. In air-cooled electrical machines, a current line density of 5-10 A/mm? is
recommended. For short time operations, a current line density of Jy.x = 30A/ mm? is
permissible [45]. The following constraint is given to

<0, (18)

CNCT . Jimax
Ckey Cby Chyy Jo

<0. (19)

Figure 8 shows a design map for an exemplarily designed load cycle (case A) of
M50 person. The blue surface shows all scaling combinations that match the torque
requirement. Some of the above-mentioned constraints and model equations are displayed
as intersubsection lines of the constraint surfaces on the constant torque surface. A further
design criterion is the efficiency of the scaled machine. The scaling influence on the
efficiency is shown as a contour plot on the constant torque plane. In this case, the efficiency
is rising equally to the slot height c;,,,. Based on these findings, the most efficient scaled
machine on the intersubsection lines of (14) and (16) of the possible variants was chosen
(see blue dot).

const. torque —— min acceleration
—— max mass feas. inner radius
1 efficiency e result Cy
m 1.1
1 m 1.05
0.9
= 0.8 L
S 07
0.6
0.5 T 0.95
2 2
1.5 Loo

Ckp 0.5 Cllgus
Figure 8. Solution map for the elbow power unit of a M50 at the movement case A.

2.6.5. Validation

The model validation is accomplished in two steps: At first, the influences of the
scaling parameters are proven by a three-dimensional FEA simulation. Secondly, the
reference power unit is built up as a first prototype (see Figure 5) to validate the FEA
simulation as well as the analytical model. The measurements are performed on a motor
test bench where constant operating points, as well as the earlier mentioned reference load
cycle, are implementable. For the speed characteristic, the induced voltage in open circuit
operation mode is validated, which indicates the right electromagnetic behavior. For torque
and performance validation, the motor is controlled as presented in [46]. Detailed results
are given in Table 3 and can be observed as matching very well.
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Table 3. Result comparison from the analytical model (AM), 3D finite element analysis (FEA) and
measurements of the prototype (PT).

Parameter Unit AM FEA PT
Torque Tarp mNm 180.80 178.90 176.20
Ind. Voltage U; mV/rpm 1.54 1.49 1.49
Mass m,, f g 156.15 156.35 157.20
Efficiency # 1 % 62.49 62.25 61.90

Latn = 3000 rpm, ih=5A.

The differences between prototype and FEA simulation are in all values under 1.5%.
The maximum deviation between analytical model and prototype is 3.2%, which is accept-
able under the assumptions at hand.

3. Results

For the discussion of the results, an exemplary load cycle consisting of the movements
“ABCD” and “EFGH” was investigated. Further, the slow load cycle will be called “slc”,
and the fast one “flc”.

3.1. Influences of Movement

The movement velocity has the largest impact on the load cycle and the requirements
of the power unit, as shown in Figure 9a. With a decrease in the movement time, dynamic
effects are dominating and the torque necessary to compensate the inertia is rising. In
the case of the M95 person, the needed torque rises from 10.11 Nm to 22.81 Nm. This
corresponds to an increase of 125.6%. Furthermore, the power unit speed scales up linearly
to the movement velocity. This means that two completely different design points are
necessary for the PU designs. Figure 9b shows the difference in the load cycle for different
weights. It should be noted that the course of the load cycle remains similar whereas the
maximum needed torque scales up linearly. To check the type of movement in Figure 9¢,d,
movements with different degrees of freedom are shown. In Figure 9¢, it is notable that the
design point is nearly independent of the movement. On the other hand, the course of the
load cycles is different. The cluster points of the single joint movement are shifted into a
low speed range, which changes the load cycle efficiency, so the electrical machine has to be
adapted. In Figure 9d, the same movements are visualized, only with a shorter duration. In
the case of the M95 person, the difference in the demanded torque is between 108% in the
slow movement (s. Figure 9c) and 242% in the fast movement (s. Figure 9d). The cross effect
to the movement speed is dominant. Further, the cluster points are shifted into a region
with higher torques. It can be confirmed, as known in mechatronic systems, that both the
type of movement and the speed of movement should be considered in combination and,
more precisely, a task-defined load cycle is necessary.

3.2. Influences of Person

Based on the torque—speed profiles, differences caused by the individual person are
also noticeable in Figure 9. Due to the different body dimensions, the same activities require
different load forces. The comparison of a fixed weight with the weight adjusted to the body
mass does not show any differences for the FO5 person, whereas the requirements almost
double for the M95 person. Figure 9a shows that the dynamic effects also upscale depending
on the body dimensions. As mentioned above, concerning the M95 person, the torque
demand increases by 125.6%, and, in the case of the F05 person, by 50%. Furthermore, the
simulation shows that the model of the FO5 woman cannot lift heavy loads smoothly due to
a reduced maximum force in the muscles. This leads to the conclusion that the personalized
body dimension will lead to the optimal consideration of the demanded torques.
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Figure 9. Comparison of load cycle data based on several criteria. Besides the load cycle data points
(low opacity in background), the cluster centroids of the k-means algorithm are displayed. The cluster
weight is not further visualized. As electrical machine design point, the maximum operation point is
used. (a) Load profiles slc and flc with a fixed weight of 2.5kg. (b) flc with fixed load at 2.5 kg and
referred load at 100% arm weight. (c) Movements of case A vs. C with an additional load of 100%
arm weight. (d) Movements of case E vs. G with an additional fixed weight of 2.5kg.

3.3. Power Unit Scaling

To quantify the benefit of scaling the power modules to the personal needs of the user
objectively, the mass of the power module was used as a benchmark characteristic. The
mass of the reference motor was compared to the scaled versions. To consider differences
in the efficiency of the modules, an additional accumulator mass was calculated. Here, the
difference in loss energy over 1000 performed cycles is referred to as the energy density
e =180 Vﬁ’—é‘ (=648 %) of a lithium-ion accumulator. The formula is given as

EV,cu,sc - EV,cu,ref
e

Atggg = Msc + Neye Myef. (20)

If this additional mass m,;,; is smaller than zero, the scaled machine for the considered
load cycle is advantageous.

The mass saving of the scaled machines in comparison to the reference machine is
given in Table 4. In the case of the slc performed by the FO5 person, a mass of 46.7 g is
saved. This leads to a reduction of 29.4% of the AFM mass compared to the reference
design. Comparing the load cycle slc to flc for the M95 person, the weight saving is 28.4%.
Moreover, it needs to be mentioned that the reference power unit could not meet all torque
demands. This would lead to a new reference design with additional weight in the case of
a standardized solution, which, in turn, leads to more weight saving in other cases. This
indicates that the introduced scaling approach is highly beneficial.

Table 4. Weight differences between the reference machine and scaled electrical machines for exem-
plary load cycles with different load weights and a total number of cycles 71¢yc = 1000.

Load Cycle Person Mioaq gl nrc [%] Am g, [g]

slc F05 25 33.8 —46.7
M50 2.5 43.8 —44.3
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Table 4. Cont.

Load Cycle Person Mioaq (gl nrc [%] Am g, [g]
M95 25 37.9 —39.6
F05 2.6 30.9 —40.5
M50 3.95 49.2 —25.7
M95 5 57.6 -9.7

fle F05 25 51.3 —322
M50 25 67.2 —~15.8
M95 25 74.2 6.8
F05 2.6 52.4 —28.7
M50 1 3.95 734 14.5
M95 1 5 77.8 42.63

1 Reference machine does not fulfil all maximum requirements.

4. Discussion and Conclusions

In this paper, a methodology for the individual design of exoskeleton drive units for
user- and task-dependent applications was presented. This approach merged a scalable
biomechanical human model and a scalable electromagnetic and mechanical model of an
electrical machine.

With the scalable human model, forces from arbitrary tasks with different loads are
predictable. Thereby, necessary forces for the drive unit design were generated. Alterna-
tively, these forces could be generated from experimental data using an inverse dynamics
method, which avoids the model assumptions and limitations presented in [21]. A clear
advantage of our method compared to this is that we can easily scale an exoskeleton for
different participants based only on the height and weight of the participant. Therefore, we
can avoid time-expansive and costly lab measurements.

The analysis of the simulated load cycles shows clear dependencies of the performed
task. Among other parameters, the movement speed has a strong influence on the load
cycle. In addition, a clear difference is apparent by scaling the human model. Here, in
the case of the same movement and load, the force difference between the 5th percentile
woman and the 95th percentile man was simulated to 46% related to F05.

Based on these generated forces, a reference elbow power unit was adapted by using
the electrical machine scaling model, introduced here in order to meet the exact require-
ments of the user. The model varies geometrical parameters of the electrical machine to fit
the requirements in torque, mass and acceleration. Commercially available motors are not
suitable in terms of construction space and power class. Ill-fitting motors cause an oversiz-
ing of the power unit, which will lead to additional weight. The typical power density in
exoskeleton electrical machines is at 200-300 W/kg. An off-the-shelf motor that meets the
performance characteristics introduced here is given a motor weight of 850 g [47]. This is
more than five times the weight of the presented reference motor in this journal. Further,
the construction space fits in the outer diameter but the axial length of the commercial
motor is three times higher, which does not fit in the construction space. Off-the-shelf
motors are often limited in scaling and only configurable via a modular system, which is
realized by adjusting the active length or the number of windings. The double-sided axial
flux machine introduced here, in combination with the additive manufacturing, is easily
adaptable to the individual user needs. This scaling leads to a smaller motor weight that
saves up to 30% compared to the reference motor. In summary, it can be stated that the
scaling presented here enables a significant improvement for the personalization of the
electrical machine.

The biomechanical and analytical motor model were validated through experimental
data, separately. The measurements used for the biomechanical model are presented in
previous investigations [21]. The analytical motor model was validated by a prototype and
measurements in this journal. The deviation between the calculation and measurements
is below 3.2%, which shows a good suitability of the model. Combined experiments are
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planned in future research. For a collaborative validation of the approach, a comprehensive
ergonomics study with several people wearing a reference exoskeleton on the one hand
and a personalized exoskeleton on the other hand is necessary. In this way, objective results
on the suitability of the approach can be obtained. These experiments can be realized in
future projects.

In addition, the convergence of the biomechanical simulation was used to show which
loads can be performed by specific groups of people. Here, it could be observed that the
FO5 person could not handle as large loads as the M50 or M95 person. This is due to the
restricted muscle forces in the model. Thus, in future research, it would be interesting
to create a closed coupling between a human and electromechanical model in order to
handle heavier loads. Further, human movements can reach speeds of up to 0.2 s for am
elbow flexion of 90 degrees. The simulation shows that the actual power unit is not able
to support those movement speeds. In ongoing research, the power unit is optimized for
such scenarios.

In summary, it is evident that the drive design is improved by the framework presented
here and that a lighter design of the exo power unit is possible under consideration of the
individual needs of the user and demands of the task.
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Appendix A. Flexion Movement Load Cycles
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Figure A1. Load profiles for all 3 individuals for m = 100% arm weight and case E.
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