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Abstract

Evaluating human—exoskeleton interaction typically requires experiments with human subjects,
which raises safety issues and entails time-consuming testing procedures. This paper presents a

mechatronic replica of a human leg, which was designed to quantify physical interaction dynamics
between exoskeletons and human limbs without the need for human testing. In the first part of this
work, we present the mechanical, electronic, sensory system and software solutions integrated in

our leg replica prototype. In the second part, we used the leg replica to test its interaction with two

types of commercially available wearable devices, i.e. an active full leg exoskeleton and a passive
knee orthosis. We ran basic test examples to demonstrate the functioning and benchmarking
potential of the leg replica to assess the effects of joint misalignments on force transmission. The
integrated force sensors embedded in the leg replica detected higher interaction forces in the
misaligned scenario in comparison to the aligned one, in both active and passive modalities. The
small standard deviation of force measurements across cycles demonstrates the potential of the leg
replica as a standard test method for reproducible studies of human-exoskeleton physical

interaction.

1. Introduction

Exoskeletons are wearable robots that assist the move-
ments and/or increase the motor capabilities of indi-
viduals by means of forces applied to body limbs
through physical connection interfaces. Currently,
the use of robotic exoskeletons is highly extended
in multiple fields [1] such as: (i) medical, used as
a tool to mobilize affected limbs during rehabilita-
tion therapies [2], (ii) personal assistance, with the
aim of supporting the motion of people with mobil-
ity problems [3], (iii) industrial, used for improving
ergonomics and reducing the worker injuries during

© 2023 The Author(s). Published by IOP Publishing Ltd

repetitive tasks [4, 5], and (iv) military, with the goal
of increasing the physical capabilities of humans [6].
The demand for exoskeletons continues to increase
every year, due to the aging of society, the increase in
the incidence of neurological injuries, such as stroke,
and the increase in mobility deficiencies among the
population [7]. However, the benefits of this new
generation of devices are limited by how efficiently
and safely they can transmit power through coupling
forces to the user’s biological structures [8].

This force exchange must be coordinated and
reciprocally adapted to maximize the achievement of
the functional goal and, at the same time, minimize
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adverse events resulting from unexpected behaviors
of the actuators. Growing evidence indicates that inef-
ficient device-to-human power transmission is a crit-
ical problem for wearable assistive devices [1], which
undermines potential health and performance bene-
fits. Up to 50 per cent of the mechanical power may
be lost in the interaction due to soft tissue com-
pression and harness compliance [9]. Power trans-
mission issues are related to several factors such as
kinematic compatibility, resulting in joint misalign-
ments, and interface design, which affects contact
stiffness and relative motion between the limb and
the robot [8, 10]. Despite a recent growth of studies
focusing on physical human—exoskeleton interaction
(pHEI), the transmission of forces due to the phys-
ical coupling has not been investigated in a system-
atic way so far [11]. One of the reasons for this is
the difficulty to directly and quantitatively measure
the dynamics of force transmission as well as their
effects on comfort and pain. For example, discomfort
may originate from a combination of pressure points,
device migration (relative displacement) and abnor-
mal internal joint forces [12, 13]. Force mapping
shows that the force is not evenly distributed over the
interface surface area [14, 15]. During some exercises,
it may happen that only the interface edge is in con-
tact with the user, generating a concentration of the
force over a smaller area, increasing pressure [14]. Lit-
erature shows that research studies on efficient trans-
mission of power to a user through interfaces are still
limited [11].

Additionally, exoskeletons represent a particular
technology in which regulation and standards are
not yet addressed in a systematic way [16, 17]. Con-
sidering the importance of human-exoskeleton con-
tact issues, the definition of protocols and meth-
ods for their contact characterization is becoming a
pressing requirement for their safety assessment. In a
recent survey [18], more than half of the safety skills
considered as essential requirements for rehabilita-
tion robots were related to physical interaction. New
efforts are required to assess, characterize and define
pHEI in a more systematic and harmonized way.

In this work, we present a mechatronic replica of a
human leg, composed of a human-like actuation sys-
tem at the knee level and an anthropomorphic sens-
orized surface able to assess interaction forces in three
dimensions. The proposed prototype enables the exe-
cution of reproducible experiments (especially in the
field of rehabilitation exoskeletons) to quantify the
abilities of an exoskeleton for safe interaction with
a user. The proposed testbed aims to minimize the
amount of testing required with human participants
by promoting the use of the leg replica until the sys-
tem is sufficiently safe.

The paper is organized as follows: section 2
provides a brief description of previous scientific
works related to this topic. Section 3 provides the
requirements for the design of the leg replica and
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a detailed description of the underlying hardware
and software components and solutions. Section 4
describes the setup and experimental protocols used
to evaluate the proposed leg replica, whose results are
presented in section 5. The paper ends with a discus-
sion in section 6 and a conclusion in section 7.

2. Related work

Our work is motivated by the necessity of benchmark-
ing pHEI while minimizing the risks for human par-
ticipants. The use of dummies represents a prom-
ising approach with the possibility to fit in safety
assessment plans to emulate the interaction between
a human and the machine, reducing the user expos-
ure to adverse events and increasing the intensity
and variability of tests [19]. Mannequins or dum-
mies have been employed to investigate skin effects,
off-axis joint rotation effects, and other areas where
fatigue or unsafe conditions impeded the tests with
humans [20]. A realistic dummy able to reproduce
human-like movements at different body joints and
functional tasks would be highly beneficial in the
field. Unfortunately, active test dummies for exoskel-
etons are still not present in the market. Literature
review shows only a few instances where dummy
limbs are used in evaluations of assistive wearable
devices. Mannequin’s limbs were purely used as wear-
ing devices for both upper [21] and lower [22] limb
exoskeletons. Dummy limbs were chosen prior to
human tests in exoskeletons experimental validations
either using a simple mannequin lower leg [23] or
a complex dummy arm from 3D human scanning
[24]. Human dummy models have been proposed
to improve the human—exoskeleton fitting [25]. An
advanced dummy test case was presented in [26], in
which a full-body humanoid robot [27] was used to
prove the humanoid control performance while wear-
ing an assistive device. Another study used a lower-
leg dummy for the safety assessment of a wearable
robot, focused on evaluating the effects of a mis-
aligned knee joint [28]. Force sensors were placed
on the robot to be tested rather than on the passive
dummy. The proposed dummy also had an exten-
sion mechanism that mimics the lower leg cuft’s
motion during leg extensions. A remarkable work
in this direction was conducted in [29], where for
the first time a passive dummy leg was equipped
with a torque sensor in the knee joint, whose read-
ings were systematically related to joint misalign-
ments. Most of the existing approaches were based
on passive test dummies without any contact meas-
urements. Direct force measurements are usually
obtained from load cells placed at the contact points
or in customized cuffs [30-33], force-sensing resist-
ors (FSRs) [34, 35] (which are also to extract nor-
mal pressures [15, 36]), and optical sensors [37, 38].
These approaches present two general difficulties.
The first is to achieve a correct placement of sensors
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at the contact point between the device and the user.
The second is related to the correct and reliable meas-
urement of shear forces. For these reasons, introdu-
cing a network of sensors able to measure the force
transmission in a reliable and precise way is crucial.
Additionally, a dummy with an intrinsic measure of
interaction forces (including shear components) and
independence from the tested devices would be highly
advantageous. Attaching a wearable device to such a
dummy would not require any additional attachment
components beyond the exoskeletons straps, solving
the issues related to space and quality of the measure-
ments and leaving the device interfaces free to move
close to real-life operating conditions.

3. Materials and methods

3.1. Requirements for the leg replica

The main goal of the leg replica is to closely mimic
human-like joint dynamics. Mimicking dynamics
means that the proposed leg replica should feature
weight, inertia and actuation properties comparable
to those of a human leg. These properties are split into
anthropometric and mechanical design requirements.
The anthropometric requirements reflect properties
such as dimensions, inertia, external shape, mass,
degrees of freedom (DoF) and ranges of motion
(RoM). The mechanical design requirements include
the integration of sensors and actuators in the device.
The goals that shape anthropometric requirements
are summarized as follows:

e Reaching comparable leg dimensions to a human
leg and an external surface shape comparable to
human 3D surface scans.

e Reaching leg segment mass and mass center loca-
tion comparable to those of a human leg [39].

e Reaching a comparable RoM between passive and
active DoFs [40].

Anthropometric dimensions of the reference
human leg are based on data from [39, 41]. The limb
lengths of interest are depicted in figure 1(a) and the
corresponding values are collected in table 1.

3D surface scans (figure 1(b)) were combined
with a computed tomography (CT) scan (figure 1(c))
in one CAD model. The external shape of the CAD
leg was designed to follow their shape as much as pos-
sible. Figures 1(b)—(d) depicts the design process. The
freely available CT scan data comes from the online
tool democratiz3D" and features a 3D-reconstructed
lower body model including skin, muscle tissue and
bones. The 3D surface scans of the leg were sup-
plied by Vrije Universiteit Brussel (VUB). All 3D scans
and CT scan reconstructions were scaled to reach a
hip joint height of approximately 90.1 cm, i.e. the
Popliteal height from table 1. The location of joint
axes were determined with the reconstructed 3D bone
model as shown in figure 1(b). All the 3D surface
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models are superimposed acting as a blueprint to
model the final parametric surface model of the leg
(figure 1(c)). The final leg model is a solid paramet-
ric CAD model, which allows manual adjustments to
its shape even in later design stages. The adjustments
to the shape model are automatically reflected in the
final solid CAD model, which was used as a reference
for all other leg components that needed to follow the
shape of the external leg.

The data on the masses of different leg segments
and the corresponding mass center locations are
adopted from [39] and collected in table 2. The aver-
age mass of the Thigh segment is 6.0(1.2) kg, result-
ing from the average of the Left Thigh and Right Thigh
segments, as shown in table 2. Similarly, the average
mass of the Calf+Foot segment is 3.7(0.7) kg. Both
values were used in this work as design targets and
evaluation criteria. Clauser’s book also provides the
relative distances to the respective mass centers. These
are gathered in table 3. Accordingly, the mass center
of the Thigh segment lies at a distance of 45.1(4.4)%
from the hip towards the knee joint. The mass cen-
ter of the lower leg (Calf+Foot) lies at a distance of
51.3(3.5)% from the knee joint to the heel. Finally, the
range of motion data of a human leg was taken from
[40] and collected in table 4. The leg design matches
these values as much as possible.

The mechanical design requirements stem from
the requirements of different mechanical compon-
ents, including the actuator, the force sensors and
other electronic components. This also includes the
custom-made aluminum structure that supports the
whole leg. The requirements are summarized as:

e Aluminum structure representing the leg replica’s
bones with attachment features and strength to
support the nominal loads of the actuation unit
[42].

e Integration of eight K3D60a load cells under each
surface shell (ME-Mef3systeme GmbH).

e External shells attached to these sensors to trans-
mit externally perceived loads on the leg replica’s
surface to the respective force sensors placed below
the shell.

e Integration of the required PCB electronic circuits
in the available internal space of the leg, without
affecting RoMs and external shape.

The leg’s internal structure is discussed further in
section 3.3.

3.2. Knee actuation

This section briefly describes the actuation solution
used to drive the knee joint of the leg replica. The
knee joint is the only active joint of the leg rep-
lica and is actuated by a SMARCOS actuator unit
[42]. SMARCOS is a mechanically compliant actu-
ator with manually adjustable compliance based on
the MACCEPA mechanism, developed by VUB [43].
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a) Dimensions b) 3D scans ¢) CT scan d) Leg CAD
3D reconstruction: Combined  Final
Legend: skin bones 3D files  model
Values from 7 ; A ‘ AR
literature
Calculated
values

Figure 1. Design process of the leg shape: (a) anthropometric dimensions of the leg, gathered from [41]; (b) surface modeling
process, specifically two of the 3D scans used in the surface modeling; (c) reconstructed CT scan used to determine the rotation
centers of joints; (d) combined 3D surface models and the final 3D leg model.

A s

Table 1. Leg anthropometric dimensions.

# Dimension name Mean (cm) SD (cm) Var (cm?)
57 Knee height, sitting 55.4 2.8 7.8
59 Lateral malleolus height 7.3 0.6 0.3
66 Popliteal height 43.0 2.5 6.2
81 Tibial height 46.8 2.7 7.1
83 Trochanterion height 90.1 4.9 24.2
A Thigh length (#83 - #81) 43.3¢ 5.6° 31.3

Data from this table is adopted from [41] and correspond to dimensions of a 50th percentile male.

2 These values correspond to figure 1(a) and correspond to measurement numbering in [41].

b A is calculated as a difference between measurement #83 and #81.

¢ The mean and SD values based on #83 and #81 are calculated as
E(A 4 B) = E(A) & E(B); Var(A & B) = Var(A) + Var(B). The values are deemed independent.

Table 2. Mass of human leg segments®.

Body part Mass” (kg) AVG (kg) SD (kg)
R. Thigh 7.17 595 7.65 6.69 6.15 4.86 3.39 6.12 537 4.77 7.16 690 7.22 4.66 6.00 1.18
L. Thigh 5.83 7.30 6.22 6.75 4.81 3.50 6.48 5.52 529 7.09 6.26 7.70 5.14

R. Calf+Foot 3.97 3.23 4.47 395 393 298 2.61 347 291 288 4.83 4.77 3.96 3.32 3.65 0.72
L. Calf+Foot 3.24 4.50 3.98 3.90 2.80 2.60 3.38 2.84 3.04 4.85 4.81 4.05 3.43

2 Data is adopted from [39].

® These are the weights of specific body segments of different individuals.

Table 3. Mass center locations®.

Body part %L (%) AVG (%)  SD (%)
R. Thigh 46.8 43.0 43.2 46.9 42.5 43.8 433 45.1 4.4
L. Thigh 57.0 44.6 47.6 38.8 43.4

R. Calf+Foot 50.0 53.1 52.1 56.4 43.4 51.3 3.5
L. Calf+Foot 51.7 51.4 53.1 50.8

2 Data is adopted from [39].

b Center of mass location as percentage of the proximal end or joint axis and the total segment length. Thigh length is

measured from hip joint to knee joint. Calf+Foot is measured from the knee joint to the heel.

It features different properties of human joints such
as: (1) allowing energy absorption from external
interactions, (2) being highly backdrivable, and (3)
allowing high-resolution torque control. Figure 2

shows its main components. It includes a 70 W brush-
less motor (Maxon Motor EC-i 40) combined with a
ball-screw transmission (Maxon spindle drive GP32S
1:1) and an integrated spring with a stiffness of
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Table 4. Human leg range of motion®.
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a

Joint Movement RoM (deg/deg)
inversion/eversion 30/20

Ankle plantarflexion/dorsiflexion 65/25
adduction/abduction 45/50

Knee flexion/extension (135-150°)/0
adduction/abduction 25/40

Hip flexion/extension (80-120)/20
internal/external rotation 35/45

2 Data is adopted from [40].

® The maximum flexion is represented as a range between two values.

Connection interface

Precompression mechanism
Mechanical stop
for lever arm

Smart
spacer

Connection
interface

Motor hinge Motor with spindle

Figure 2. SMARCOS actuator used in the leg replica.
Reproduced with permission from SMARCOS.

118.2N mm™!. The unit is backdrivable despite the
use of a ball screw transmission, thereby allowing high
resolution torque control and state-of-the-art trans-
parency. Both ends of the actuator include connec-
tion interfaces, which are exploited to connect both
the upper and lower leg replica segments. Its elec-
tronics is based on a custom developed control unit
that implements the EtherCAT communication pro-
tocol and interfaces with an ESCON 50-5 motor con-
troller (maxon motor AG). It also features its own
strain gauge-based torque sensor and an incremental
encoder. Additionally, several analog to digital con-
verters and digital inputs and outputs are also avail-
able for the end-user application.

3.3. Mechanical design and sensors

This section describes the mechanical design of the
leg replica and its main components. Both the proto-
type and a depiction of its kinematics are shown in
figure 3.

The three joints of the prototype were simpli-
fied in comparison with real human joints in order
to reduce their mechanical complexity. The hip and
ankle joints were simplified to a ball joint and allow
passive rotation in three DoFs. The knee joint was
simplified to a 1-DoF joint. Note that while such
simplifications are common in the literature, the
kinematic behavior of human joints is complex [40],

featuring not only pure rotations, but also movable
rotation centers and rolling contact motions. Design
of a knee joint that would more closely follow
the behavior of real human joints would require a
redesign of the SMARCOS unit and was therefore not
realized at this stage.

An aluminum structure forms the core of the leg
replica and includes many design solutions for the
attachment of sensors, electronics and the actuator
unit. It is shown together with its main components
in figure 4. In addition, figure 5(d) shows the disas-
sembled prototype.

The aluminum structure was divided into smal-
ler sub-components that were screwed together. As
the leg replica is an experimental prototype, this
design strategy allows for later modifications to the
internal structure if required. The upper leg struc-
ture attaches to the hip joint, whereas the lower leg
structure attaches to the foot. A fixing element (the
blue ‘hip mounting fixture’ in figure 4(a)) allows the
leg replica to be mounted on a commercially avail-
able aluminum profile. In addition, the fixture com-
ponent is connected to the passive ball joint of the
hip. The ball joint assembly is shown in figures 5(a)
and (b) By means of fastening screws, passive sliding
movements or rigid fixation can be performed at the
hip. If passive hip movement is required, the screws
can be unscrewed slightly to allow sliding movement.
If rigid fixation of the joint is required, the screws can
be tightened to increase the forces on the ball joint.
The ball joint at the foot uses the same screw fixa-
tion principle as the hip joint, as shown in figure 4(a).
Depending on the need, the foot also allows pass-
ive movement or rigid fixation by fastening of the
SCrews.

The leg replica is divided into eight surface
sections, or surface shells, as shown in figure 4(c). A
triaxial load cell is located beneath each shell (DIM.
60 mm x 60 mm x 25mm, from ME-Mef3systeme,
GmbH). Its location is relatively close to the center
of each surface shell. Four surface shells belong to the
upper leg and four to the lower leg.

This arrangement was chosen to ensure that two
force sensors are placed at each strap position of a
typical full leg exoskeleton featuring four attachment
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component

pper leg
egment

lower leg
segment

joint (

passive

Figure 3. Different views of the leg replica prototype, combined with its kinematic structure. The leg includes two passive ball
joints each with 3 DoFs (blue color) and one active rotary 1-DoF joint (red color) at the knee.

a) Internal Structure

mounting
fixture

passive
hip joint

upper leg
aluminium

S\ structure

_______ : actuator
E unit

lower leg

aluminium ball joint

b) Sensors

- |4.(500)

structure

passive
ankle joint

Figure 4. Leg replica’s main components: (a) leg’s internal structure, (b) force sensor locations, (c) shell assembly layout across the

2.(200N)

Legend

B X-axis
Y-axis

B Z-axis

leg surface. Note that (b) shows each load cell’s number and coordinate system.

¢) Shell Assembly

_CAD skin

‘ Jlayer model

Irapid
! prototype
' ABS shells

‘aluminium
| support

A Cross-section
of Skin Layers

Figure 5. Construction details: (a) disassembled hip joint, (b) assembled hip joint, (c) disassembled surface shells, and
(d) underlying leg structure with all the electronics.
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straps. In such type of exoskeleton, two straps are nor-
mally located close to the knee joint to secure the
alignment of the two rotation axes. The other two
straps are usually placed distally from the joint for
a better torque transmission (i.e. one strap close to
the ankle and one closer to the hip). This arrange-
ment has been adopted by the Exo-H3 exoskeleton
(Technaid S.L., later shown in figure 7 right). In this
configuration, each strap spans over two opposite sur-
face shells, i.e. the front and back, which creates a
force sensor pair. Such a force sensor pair detects
compression forces of the straps and indicates their
tightness. In a situation where an exoskeleton features
a different arrangement of straps, i.e. two, three or
more than four straps, it may happen that the forces
are distributed over multiple surface shells and need
to be summed up in the analysis.

Load cell orientations and the respective load
capacities are shown in figure 4(b). Two different load
capacities are used, a 200 N (K3D60a 200 N/VA) and
a 500 N (K3D60a 500 N/VA) version. All sensors are
oriented so that two load axes lie in the sagittal plane.

The K3D60a load cells are fairly large and there-
fore very resistant to eccentric loads. Eccentric forces
result in torque loads that produce errors in the force
measurement. These load cells produce a 1% error on
the full scale for each 10 Nm ofload (1%FS/10 Nm). A
full load (500 N) acting on an exaggerated worst-case
location (20 cm off-axis) would produce only a 1%
error on the measurement scale. Application location
of forces on the surface shell has thus a minimal effect
on the quality of the signal. To further ensure the qual-
ity of the signal, the load cells are mounted securely
according to the manufacturer’s specifications.

A surface shell assembly joins three components.
The first is an aluminum profile (light green compon-
ent in figure 4(c)), which allows a rigid connection
of the assembly to the force sensor. It acts both as a
support and reinforcement for the plastic shell. ABS
thermoplastic polymer and 3D additive manufactur-
ing technology were used to create the surface shell
(orange component in figure 4(c)). The combination
of these two components creates a solid surface for the
transfer of the interaction forces to the load cell. This
rigidity ensures that there are no undesired contacts
between components and that all the load is always
transferred through the respective load cell. In addi-
tion, a small gap (5 mm) was also designed around all
surface shells to prevent the contact between the shells
or between the shells and the internal structure.

This assembly is a limited representation of the
actual human skin properties, apart from the shape
of the outer surface. However, the CAD model in
figure 4(c) features an optional third component
representing a layer of soft material that can be
glued to the surface to emulate skin-like surface
properties [44]. The development and validation of
this human-like soft material will be a matter of future
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EXTERNAL PC

MATLAB /Simulink

TwinCAT
EtherCAT
Master

| Ethernet port ‘ 'WIFI IEtherned portIUSB portf-=

Leg Replica EtherCAT communication
Shank MODULE ff Knee MODULE § Thigh MODULE

SYNC/EtherCAT

EXOSKELETON GATEWAY g

CAN/Ethernet /WIFI communication

Figure 6. Leg replica’s software architecture combined with
an external exoskeleton.

improvements and is therefore not considered in this
work. Figures 5(c) and (d) show the assembly and loc-
ations of the load cells and surface shells on the actual
prototype.

The current leg replica allows for custom designs
of the shells, e.g. bigger or smaller shell surface size,
which may be needed by specific exoskeleton or end-
user requirements. In this case, the structure of the leg
replica design would remain unchanged, and only the
shells would need to be substituted with the new ones.

3.4. Electronic system and software architecture
The hardware and software architecture of the leg rep-
lica is based on EtherCAT technology. Figure 6 repres-
ents the leg replica as three submodules connected by
EtherCAT network to the main computer. The lower
leg (shank) and upper-leg (thigh) modules represent
the force sensors and respectively the hardware and
software to acquire and process the sensor data. The
SMARCOS motor also features some sensors and is
part of the knee module. A Simulink (MathWorks,
Inc.) user interface controls the leg replica and fea-
tures the following advantages:

e It is an established solutions in the research envir-
onment, meaning that the users of the proposed
leg replica will require minimal time to get famil-
iar with the interface.

e It includes many tools to select, generate or tune
different trajectories, as well as to read and log data
visually and intuitively.

e Ifrequired, the user can change or build additional
applications on top of the provided one.

e The ability to change the Simulink model of the
leg replica will facilitate exoskeleton developers to
test their exoskeletons without the need to change
the exoskeleton software itself (for example, to store
and process data in the same formats, send a spe-
cific trajectory, generate different perturbations,
etc).
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The software also addresses the problem of inter-
facing the exoskeleton with the leg replica, ensur-
ing interoperability and data synchronization to allow
developers test their exoskeletons with minimum
effort. Considering that no communication stand-
ard exists specifically for exoskeleton applications,
developers are normally using various communica-
tion protocols (USB, WIFI, CAN, EtherCAT, etc). As
the leg replica prototype was developed to test vari-
ous exoskeletons, the solution was to keep the exo-
skeleton and the leg replica as separate systems. The
system allows data synchronization between the leg
replica and other devices by providing both trigger
input and output port connected by a Bayonet Neill—
Concelman (BNC) connector to a port of the Ether-
CAT board.

As EtherCAT is the main communication pro-
tocol, developers can integrate the exoskeleton and
the leg replica into the same architecture by con-
necting both systems to one master computer. As an
option, manufacturers may use gateways and custom-
ized APIs to connect their exoskeletons to the same
host computer and Simulink model. The proposed
solution for data processing is to use MATLAB Sim-
ulink as it is able to record and process sensor data
and also perform advanced controls for leg replica-
tion. The data is stored in independent files to allow
researchers use their preferred tools to process data.

3.5. Forces, torques and inertia

This section describes the calculation of parameters
used in the evaluation. Since the human leg density is
unknown, the inertia of the human leg was simplified
to a point mass inertia and calculated as follows:

Ly = m,L2. (1)

Here my,, is the mass point of the respective leg seg-
ment and the L, the distance from the respective rota-
tional joint. This way the data from tables 2 and 3 may
be used to calculate it.

The load-cell measures and outputs the mag-
nitudes of the X, Y, and Z axis. Different exoskeleton
conditions are compared based on the resultant force.
It is calculated as follows:

Fi=\/F +F +F, ()

Here i corresponds to each of the eight load cells and
X, ¥,z to the direction of the force.

The imposed torque of the orthosis on the knee
joint is approximated using the Z axis components of
all four lower leg load cells and their distances to the
knee joint

To=1Fi;+1r3F;,—1F,, —rF,,, (3)

where r1, 15, r3 and r4 are the lengths of the lever to
the knee axis and are equal to 0.305, 0.240, 0.145, and
0.125 m, respectively, according to the CAD design.
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Parameters F ,, F, ;, F3,, Fy4, are the Z axis values

from the respective load cells, as shown in figure 4(b).
Similarly, the tangential force acting on the lower

leg is calculated using Y axis components as follows:

Fy=Fiy+Fyy+Fy+Fy, (4)
where numbers 1 to 4 point to the respective load cell.
4. Experimental design

4.1. Exoskeleton testbed

A special testbed was designed to evaluate the leg rep-
lica and its capabilities to benchmark the physical
interaction with an exoskeleton. The goal of this test-
bed was to simulate the use of wearable devices as
close as possible to a real human user. The structure
enables a proper wearing of full lower-limb devices,
which usually require to be attached to the trunk.

The testbed, shown in figure 7(a), was built using
a commercially available mannequin consisting of
rigid bodies mimicking the anthropometric charac-
teristics of the human torso and leg. The mannequin’s
left leg was replaced with our leg replica. The res-
ulting dummy was attached to an external mechan-
ical structure built using commercially available alu-
minum profiles. This structure helps to support the
dummy in order to improve the control of the exper-
imental process. The base of the support structure
measures 1100 mm x 1100 mm and may be leveled
and fixed to the floor for added stability. The whole
structure has a height of 2645 mm and features two
linear bearings that allow for the vertical movements
of the dummy. A horizontal beam connects the two
linear bearings and is attached to the torso of the man-
nequin, keeping it in the upright position. A cable
winch is mounted on top for safe lifting.

The H3 exoskeleton, shown in figure 7(b), is a
bilaterally powered exoskeleton with six active DoFs
at the hip, knee and ankle joints. It features 10 pre-
defined walking profiles, which can be run at differ-
ent velocities. An on-board CAN interface serves as
the main communication interface. The CAN inter-
face is plugged in between the H3 and the control PC
where communication is established using the Mat-
lab’s Vehicle Toolbox. 5V trigger inputs and outputs
allow synchronization with external devices.

The right leg (‘mirror leg’) of the mannequin was
built from the original mannequin leg and split into
an upper and lower leg and foot segments. To rein-
force this mirror leg, wooden segments are inserted
in the corresponding mannequin parts, filled and sta-
bilized with expanding polyurethane foam. A 1-DoF
hinge joint at the knee connects the upper and lower
leg. A second hinge joint connects the lower leg seg-
ment with the foot. The segment lengths are consist-
ent with the segment lengths of the leg replica. Similar
to the leg replica, the mirror leg is connected to the
torso assembly by a ball joint. Using the mirror leg,
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Figure 7. (a) Testbed platform with assembled mannequin components attached to the leg replica. (b) The H3 exoskeleton
(Technaid S.L.). Reproduced with permission from Technaid S.L. (c) Configuration during the evaluation of a passive knee
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the exoskeleton culffs fit properly to the leg as if they
were attached to a real human leg. Finally, the exo-
skeleton device was attached to the mannequin. The
final mannequin assembly simulates full exoskeleton
wearability, since the exoskeleton is attached both at
the torso and the legs.

4.2. Experiment 1—actuation characterization

We conducted a first set of experiments to charac-
terize the actuator dynamics. We fixed the leg rep-
lica through the hip joint to a horizontal aluminum
profile at 60 cm from the ground. The upper leg was
kept orthogonal to the profile and horizontal to the
ground, whereas the lower leg was left free to move
on the sagittal plane. The horizontal bar was fixed
to a square base on the ground in order to prevent
extra leg oscillations during the motion. The H3 exo-
skeleton actuators have a nominal joint velocity of
145degs™ 1 avalue that is lower than normative knee
velocity during human walking, which spans from
370degs™! when walking slowly (1.Ims~!) and
410 degs~! when walking fast (1.6 ms™!), according
to [45]. To avoid damaging the exoskeleton, we always
maintained the leg replica velocity under such nom-
inal threshold, while the exoskeleton was attached to
the leg replica. Six sinusoidal amplitudes spacing the
knee RoM from 10° to 60° were applied through a
60 s chirp signal and sent to the knee actuator. Chirp
frequency was decreased with the tested RoM until
the actuator was not able to follow the entire pattern
for high frequency and high RoM. The data was then
recorded and analyzed.

4.3. Experiment 2—interaction force estimation

A second set of experiments was conducted to evalu-
ate the ability of the leg replica to measure changes in
the coupling forces across different wearable devices
and misalignment conditions.

4.3.1. Active exoskeleton—passive limb

The H3 exoskeleton was mounted on the mannequin
and fixed to the leg replica and the mirror leg. Mis-
alignments of the hip and knee joints were only con-
sidered in the vertical direction. Ankle misalignment
was not examined. The leg’s foot was correctly placed
and tied in the foot’s interface in all trials. The cen-
ters of rotation of the leg joints were easily recogniz-
able. Their height from the ground were measured
with a measuring tape. The same procedure was done
by measuring the distance from the ground of the
hip and knee actuator centers of H3 exoskeleton. The
best aligned configuration was achieved by manually
minimizing the displacement between the joints of
leg replica and those of the exoskeleton. This con-
figuration produced hip and knee misalignment of
—0.5cm and 0.6 cm respectively. Misalignment was
defined as the difference between exoskeleton’s joint
height taken from the ground and the corresponding
leg’s joint height. The second configuration was tested
by imposing a knee misalignment of —3.1 cm while
the hip was kept at the same alignment of the previ-
ous configuration. In this way a first calibration check
of the correct positioning of the exoskeleton on the
mannequin was carried out. For each of the two align-
ment configurations, the entire mannequin wearing
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the exoskeleton was lifted with the winch until the
fully extended leg was at least 10 cm above the ground.
Afterwards, the exoskeleton was set to perform a pre-
defined human-like walking profile at gait speed of
approximately 0.8 ms~! for 180s. Data acquisition
for the leg replication was enabled from the Simulink
control scheme. A start command on the Simulink
interface was than sent to the exoskeleton to begin the
defined motion. The test lasted 180 s, which allowed
to record 37 walking cycles. For this test case, the res-
ultant interaction force was compared for each load
cells between the two conditions.

4.3.2. Passive exoskeleton—active limb

A further test was conducted by mounting a pass-
ive knee device while actuating the leg replica joint.
For this test we selected a commercially available knee
orthosis (REAQER knee orthosis) composed of two
light aluminum frames connected by a hinge joint.
Each frame has two connective cuffs for the fixation
on the leg. Misalignments were only considered at the
knee level and defined following the same procedure
of the previous test. The orthosis was mounted on the
leg replica while the mannequin was lifted from the
ground. The reached configurations produced knee
misalignment of —0.3 cm for the ‘best aligned’ con-
figuration and —3.1 cm for the ‘misaligned’ config-
uration. A sinusoidal position trajectory from 5° (leg
extended) to 65° (leg flexed) was imposed to the
leg replica at a frequency of 0.2 Hz. The leg replica
moved until 11 periods of the sinusoidal reference
were completed. For this test case, the torque from
the leg replica and the tangential forces recorded in
the lower part of the leg were compared between the
two conditions.

5. Results

5.1. Comparison to human leg properties

This section evaluates the leg replica’s anthropomet-
ric properties in comparison to a human leg. The
RoM of ankle and hip joint are depicted in figure 8.
The leg replica RoM covers the full RoM of ankle
inversion/eversion, ankle adduction/abduction and
hip flexion/extension. As for the ankle plantarflex-
ion/dorsiflexion, hip adduction/abduction and hip
internal/external rotation, the leg replica covers a
large portion of the human RoM, but not the full
range. Nevertheless, the available RoM covers the
RoM necessary for human walking [46].

As for knee joint, the RoM of the prototype is
smaller than that of the human leg, as shown in
figure 9, being the maximum flexion limited by the
size of the two adjacent surface shells. In a human
leg, soft muscles tissue may be compressed, allowing
higher knee flexion. The leg replica’s surface shells
do not deform, thus limiting knee flexion to 95°, a
value that has been chosen as a compromise between
the RoM and the shell surface size. 95° is sufficient

10

M Dezman et al

Ankle ROM
0-180° ; 0-180°

45T “50°

adduction ' abduction

.30 .
mversion eversion

Hip ROM

plantarflexion

ad?iﬁcfion 80-120° " . '20° 35 T UAS
abduction flexion extension internal external
rotation rotation

Figure 8. Passive RoMs of hip and ankle joints. Leg replica’s

RoM is shown in red and the human leg’s RoM in blue. The
human leg’s RoM is adopted from [40].
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Figure 9. Kinematic data and some dimensions of the leg
replica (in mm). The red area shows the RoM of the leg
replica and the blue area the RoM of a human leg [40]. The
coordinate system shown in this figure corresponds to the
inertia calculation only and is not the same as the internal
coordinate systems of the respective load cells from figure 4.

for walking, according to Grimmer et al [45], who
showed that maximum knee flexion during walking
is 66°.

The replica’s joint-to-joint distances are not
exactly the same as the mean value from the selec-
ted databases for a 50th percentile male. The reason is
that the 3D surface scans were scaled to a hip height of
90.1 cm (dim. 83 in table 1). However, the length ratio
of lower and upper leg segments was not changed
during the scaling. According to [41], the heights of
the leg joints in humans when standing are 7.3(0.6),
46.8(2.7) and 90.1(4.9) cm, for the ankle (dim. 59),
knee (dim. 81), and hip (dim. 83), respectively. This
is graphically depicted in figure 1(a). The leg rep-
lica’s CAD model was then referenced to the scaled
CT scans and 3D scans, and not to the dimension
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Table 5. Anthropometric data of human and prototype leg.

Human mean(SD)

CAD mean Lower

Human mean(SD)

Parameter Lower leg + Foot leg + Foot Upper leg CAD mean Upper leg
Iyy (kgem?) 2109 (499)* 2820 2284 (702)* 4557

L(cm) 46.8 (2.7) 48.6 43.3 (5.6) 42.6

m, (kg) 3.7 (0.7) 4.1 6.0 (1.2) 7.5

Lin (cm) 24.0 (2.1) 22.6 19.5 (3.2) 22.1

Lin (%L) 51.3 (3.5) 47 45.1 (4.4) 52

M atu (kg) / 0.83 / 2.35

Mpabs (Kg) / 0.85 / 2.44

1My a1l and 11,41 are the respective leg segment’s combined masses of the custom-made aluminum structure or plastic components. L is

the respective leg segment length and Ly, is the length from upper joint (knee or hip) to the segments (upper leg OR lower leg + foot)

center of mass. Ly, is represented in ¢cm or in % of L.

2 The inertia standard deviation is calculated using the variance product for independent variables:
E(A-B) = E(A) - E(B); Var(A - B) = E(A)? - Var(B) + E(B)? - Var(A) + Var(A) - Var(B)

from table 1 directly. As seen in figure 9, the result-
ing sizes in the CAD model are 8.0, 48.6 and 91.2 cm
for the ankle, knee and hip, respectively. All three val-
ues lie in the expected ranges of a human leg. The
trochanterion and tibial height differences between
CAD and real human leg is under one standard
deviation. The difference in Popliteal height between
CAD and real leg is slightly larger than one standard
deviation.

Additionally, the leg replica’s hip joint center is
slightly tilted forward (25mm) and slightly tilted
sideways away from the center of the user’s body
(21 mm). This displacement agrees with that of a
human leg [40] and human leg’s CT scan. Figure 9
features additional dimensions of the leg for reference
purposes.

The leg replica’s dynamics are dictated by its mass
and inertia. Figure 9 shows the location of the leg seg-
ment’s mass centers. Table 5 collects the inertia prop-
erties based on equation (1) and dimensions from
figure 9 and compares them to the inertia of a human
leg. The corresponding leg masses and dimensions
for the upper and lower leg and foot segments are
summarized in tables 2 and 3. The mass properties
of the leg replica are comparable to the properties of
a human leg. Based on CAD values, the leg replica is
slightly heavier than a human leg, where the ‘lower leg
and foot’ complex is 0.4 kg heavier and the upper leg
is 1.5kg heavier. Consequently, the resulting inertia
Iy is also larger. The inertia estimation for the CAD
‘lower leg and foot’ complex is slightly larger, but still
in acceptable range considering the human variabil-
ity. The inertia estimation for the upper leg is larger
than the human leg counterpart, even while consid-
ering the variability of the human leg.

The weight of aluminum components (1, 51,) and
the weight of plastic components (1, 5,5) were added
to table 5 as additional information. The combined
weight of the aluminum structure is 2.35kg for the
upper leg and 0.83kg for the lower leg. Similarly,
the plastic components weigh 0.85 kg for the ‘lower
leg and foot’ complex and 2.44 kg for the upper leg.
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Figure 10. Motor characterization performed at different
amplitudes of the knee angle.

The rest of the mass is attributed to other stand-
ard components like force sensors, SMARCOS actu-
ator, electronics, screws etc which cannot be modi-
fied. The complete physical leg replica weighs 10.6 kg,
which is slightly less than the 11.6 kg estimated in the
CAD model. This also means that the physical pro-
totype weighs slightly more than a human leg, which
weighs 9.7(1.5) kg, but is still in the range of human
variability.

5.2. Analysis of experimental results

5.2.1. Actuation characterization

For the characterization test, the maximum frequency
for each amplitude was chosen so that the motor
could follow the trajectory until a frequency greater
than the system bandwidth. A 4 Hz signal was applied
for 10° of knee RoM, decreasing to 3 Hz for 20° and
2 Hz for 30°. RoM of 40°, 50° and 60° were only
tested until 1.5Hz of maximum frequency as their
bandwidth was less than 1.5 Hz. Resulting bode plots
are presented in figure 10, and cut-off frequencies
are highlighted in table 6. The leg replica actuator
was able to mimic a healthy gait profile in terms of
velocity and range of motion up to an amplitude of
approximately 47°. Considering the H3 as a device
for rehabilitation tasks, the leg replica could repro-
duce the velocity limits of the exoskeleton. If a larger
power to reach greater RoM at higher velocities would
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Table 6. System bandwidth at different knee RoMs.

Amplitude (deg)

Bandwidth (Hz)

Ang. velocity (degs™")

10 2.58 928
20 1.91 687
30 1.27 458
40 1.23 441
50 0.90 324
60 0.74 266
120 Cell 1 -
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Figure 11. Results from tests with the exoskeleton H3: resulting interaction force (IF) measured by each force cell averaged on
walking cycles in the two tested configurations. Green force profile refers to the ‘best aligned’ condition. Red force profile refers to
the ‘imposed misaligned” condition. Hip and knee angular position are plotted as reference for the walking phase.

3 4 Hlp angle

be needed, the current SMARCOS actuator (70 W)
shall be exchanged with a more powerful one. How-
ever, in the applications where the leg replica is meant
to simulate a passive limb, no velocity limitations (in
the range of human gait dynamics) would apply.

5.2.2. Interaction force estimation: active
exoskeleton—passive limb

Figure 11 presents the magnitude of the resultant
force of each cell in the case of active exoskeleton
configuration. Force profiles are segmented on the
cycles and presented together with standard deviation
underlining their periodicity. Looking at figure 11,
load cell’s 2, 4, 6 and 7 show the most drastic increase
of forces in the misaligned case. Especially the force
acting on the load cell number 4 increased several
fold.

An example of data extracted from load cell num-
ber 4 is shown in figure 12, which shows the forces
on the 3 axes. Cell 4 is positioned in the upper back
part of the calf where forces are influenced both from

the hip and knee joint position. The analysis of cell
4 shows that the highest force component is in the Z
axis. Although the X and Y axes also experience an
increase in force magnitude, their increase is not as
extreme as in the Z axis.

5.2.3. Interaction force estimation: passive
exoskeleton—active limb

For the ‘passive device—active limb’ case, the torque
imposed by the knee orthosis from equation (3) is
compared in figure 13, which shows a higher torque
when the device was not properly worn.

The passive orthosis is intended for stabilization
and should not impose additional torque on the knee
movement, meaning that the torque along the main
rotation axis of the knee should be as small as pos-
sible. The same figure also presents the magnitude of
tangential forces from equation (4) along the Y axis
for the lower leg segment only (load cells number 1,
2,3,4), showing greater interaction and variability for
the misaligned case.

12
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Figure 12. Interaction force (IF) measured by each force cell averaged on walking cycles in the two tested configurations. Green
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Figure 13. Results from tests with the passive orthosis: (left) torque of the orthosis acting on the lower leg section, (right)

6. Discussion

The main outcome of this paper is the construc-
tion of an active dummy leg based on human’s
leg anthropometric data, capable of sensing multi-
directional interaction forces over its surface. At the
time of writing this work, and to the best of our
knowledge, no other devices with similar character-
istics have been proposed for the study of pHEL
In the past, dummy legs used for wearable robot
applications focused primarily on mimicking human

leg dimensions, without taking into account addi-
tional features such as realistic joint range of motion,
human-like mass and inertia, or active joint actu-
ation. The knee actuation system represents a nov-
elty with respect to most of the work in the literature,
since dummies are usually taken as passive platforms
for robots to be worn. The joint actuation enables
to test passive devices or scenarios where the human
limb can still move or react to the robot (impedance
control, transparent control, etc). In addition, none
of the previous works focused on the transmission

13
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of forces between the leg surface and the exoskeleton
interface.

The force detection system embedded in the leg
replica represents the main novelty with respect to
the state-of-the-art. The force sensing systems present
in most exoskeletons normally measure the overall
interaction force at the joint level without provid-
ing information on how this interaction is distrib-
uted among the straps and in different directions. The
number and position of the load cells beneath the leg
replica surface allows the measurements of the inter-
action forces at different body sites. This enables the
analysis of tangential force components independ-
ently from the overall interaction force. Furthermore,
the combination of opposing surface shells allows
measurement of the tightness or fastening force of
exoskeleton straps, which is likely to play a crucial
role in the comfort, safety, control, and efficiency
perspectives. However, only few studies in the liter-
ature considered strap pretension when evaluating
pHEI [12, 47].

Having the sensing system located beneath the
surface and at different body sites eases the setup of
the experimental system. pHEI is normally assessed
by instrumenting the exoskeleton interfaces or joint
with additional measuring devices. This additional
instrumentation is placed between the exoskeleton
interface and the surface of the leg and may there-
fore affect the measurements. Our testbed is able to
wear a lower-limb exoskeleton without the need for
additional sensing systems. This factor is particularly
important when testing commercial devices, which
normally offer limited access to their (force sensing)
data.

This work has a series of limitations that will be
a matter of future improvements. Currently, leg rep-
lica does not fully replicate the properties and features
of human legs. For example, the range of motion of
the knee is smaller than that of an actual human leg.
Increasing the range of motion of the knee is possible
but would require a redesign of the two shells loc-
ated behind the knee joint. However, this modifica-
tion would result in a smaller contact area and space
for the attachment of exoskeleton straps. The weight
of the leg replica prototype is close to that of a human
leg, but further weight reductions are still possible.
Custom-made aluminum parts and plastic housings
are oversized and could be subject to weight reduc-
tion by improving their design.

The current set of human-like characteristics may
enable the evaluation of wearable devices in terms of
reachable motions and the capacity of actuators to
overcome loads. Custom modifications to reduce or
increase leg dimensions are not yet supported, that is,
to change the length of leg segments. Therefore, at the
moment only one single leg size is available. However,
custom surface shells can be designed, i.e. thicker or
thinner leg, and exchanged with the existing surface
shells.
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At the current state, this testbed cannot provide a
proper safety evaluation of human-exoskeleton con-
tact since (i) no pressure data are available and (ii)
the real human-exoskeleton contact behavior might
be considerably different to the one measured by our
leg replica. The load cells in the leg replica record
the overall interaction force on a specific shell, hid-
ing the information on the real contact area and loca-
tion at which the force has been applied to. Currently,
no information on pressure is available, while stud-
ies conducting safety evaluations must address con-
tact pressure to allow comparisons and evaluation of
safety thresholds [48].

The rigid leg shells transfer the forces acting on
the surface to the load cell placed beneath. How-
ever, their rigidity offers a poor description of the
real human-exoskeleton contact. Comparative ana-
lyses are still feasible, such as the tests presented in
this paper. Nevertheless, the lack of soft material to
mimic skin and soft tissue of the human body raises
questions on the validity of the recorded data when
safety or other biological effects are investigated. One
of the prioritized improvements concerns the replica-
tion of real human-exoskeleton contact dynamics by
means of soft material around the leg replica mim-
icking human soft tissue characteristics. One possib-
ility would be to design silicone shells with integrated
force and pressure sensors, as suggested in [49].

In this work, we only explored the interaction of
leg replica with an (active) exoskeleton and a (pass-
ive) orthosis, without studies involving human par-
ticipants. The validation of the proposed leg rep-
lica using data from human experiments represents a
mandatory step for the definition of the leg replicaas a
benchmarking tool. To this aim, the next efforts shall
focus on building standard protocols for the contact
evaluation in both dummies and humans. This will
help define those conditions that can provide repeat-
able and reliable results from the leg replica, which
will be comparable with those obtained in human
tests. In the event of results below expectations, an
iterative adaptation process will be performed until
leg replica results can claim to be related with pHEI
metrics in humans.

The preliminary tests conducted are not supposed
to generate new scientific evidence on human pHRI.
However, they confirm the general functioning of
the proposed solution in terms of relative force con-
tact evaluation. 3D forces were available in all the
locations and the effect of a well performing device
wearing are visible in the data recorded, especially
at the normal forces (Fz) and the resulting force
summation.

For the passive knee orthosis evaluation, our tests
highlighted how misalignments could produce signi-
ficant changes even in a lightweight passive device.
The results focused on (i) the orthosis torque at
the knee joint, as an indicator of the resistive effort
imposed by the device on the active leg replica, and
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(ii) the tangential forces of the leg experienced as con-
sequence of the device tendency to move along the
leg. This last indicator allows for future targeted tests,
as shear forces play a key role in defining how well
the motion is transferred between two bodies. In a
proper user-exoskeleton interaction scenario, the tan-
gential forces should be minimal, and only normal
forces should act on a user. Additionally, higher mag-
nitudes of shear forces reduce the amount of perpen-
dicular force necessary for occlusion of blood vessels
[50, 51]. A similar analysis with the active leg rep-
lica could be performed for the evaluation of active
exoskeletons that implement transparent zero-torque
control strategies.

In general, the potential of the leg replica for
repeatable and systematic analysis was also demon-
strated by the low standard deviation of the forces
over cycles.

Further studies should carry out a more detailed
and systematic analysis of the main influencing
factors between interaction forces and motion. One
typical application case concerns the evaluation of
different misalignment compensation mechanisms
and their ability to reduce undesired forces. This type
of analysis would be better conducted in combina-
tion with accurate (e.g. optoelectronic) motion cap-
ture systems.

Another important discussion point is the degree
of simplification of the leg replica joints. The intro-
duction of an actuated knee represents an important
novelty factor. It introduces the possibility to replic-
ate typical knee trajectories and simulate spasticity in
a patient, offering a wide range of possibilities for the
evaluation of wearable knee devices. However, in con-
trast to the real human knee, in our leg replica the
knee has only 1 DoF. This was due to the simplicity
of the design and the existence of an operative actu-
ation system (SMARCOS), capable of mimicking the
actuation dynamics of human joints. To achieve a bet-
ter kinematic representation of the knee, the entire
actuation system should be replaced in the future.
However, additional knee DoFs would substantially
increase the mechanical complexity of the system as
well as the knee joint encumbrance, and will intro-
duce new requirements for the wearability of exoskel-
eton devices under examination.

Great advantages may be exploited by expanding
the current leg design, including an actuation system
for the hip and the ankle joints. The lack of actuation
in these joints limits the potential for leg replica as a
testing device for full lower leg exoskeleton devices.
An active hip joint would enable a more accurate
reproduction of typical motions such as walking and
sit-to-stand. An active ankle would allow evaluations
of ankle exoskeleton joints, which are often approx-
imated as passive joints in current leg exoskeleton
realizations.

So far, the lack of actuation in many joints lim-
its the replication of realistic rehabilitation scenarios.
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However, thanks to the backdrivability of the knee
actuator, the behavior of the tetraplegic patient can
be simulated. Other conditions, such as hemiplegic,
would be difficult to properly represent with the given
actuation system. However, our leg replica represents
a compact and robust tool that, in spite of the listed
limitations, finds application in several experimental
scenarios for pHEI evaluation. Its functioning and
adaptability under controlled conditions allow one to
carry out a set of reproducible experiments useful for
the study of pHEI and its influencing factors.

The presented test platform is a unique tool to
address the pressing need for more comprehens-
ive exoskeleton benchmarking solutions. Although
standards from international committees (e.g. ASTM
F48,ISOTC299, and CEN/CENELEC) have produced
valuable work in the direction of standardizing test-
ing methods on exoskeleton performance, the wear-
able robot community still requires harmonization in
terms of reproducible protocols, testbeds, set of met-
rics and data format [52]. The presented solution,
together with data-driven evidence, has the possibil-
ity of producing new knowledge in the field of pHEI,
complementing the efforts done so far on the func-
tional evaluation side [53].

7. Conclusion

We presented the design and construction of a robotic
leg replica with an integrated sensory system that
enables measurements of interaction forces between
an exoskeleton and a leg. The prototype has human-
like properties in terms of inertia, range of motion
and velocity, and features a compliant active knee
joint powered by the SMARCOS actuator.

The leg was tested in two scenarios to demonstrate
its ability to act as a passive and active sensing device.
In the first case, the commercially available H3 lower
limb exoskeleton from Technaid was worn on a full-
body dummy, where one leg was replaced with the
replica leg. In the second case, the leg replica wore
a passive leg orthosis/brace. In both cases, the rep-
lica detected higher loads when the two devices were
not properly worn (i.e. in the presence of imposed
joint misalignments). Additionally, we observed that
the standard deviation across measurement cycles in
the aligned scenarios was low, which shows the good
potential of the device to perform reproducible exper-
iments. The leg replica in its current version can
be used to compare different exoskeleton solutions,
e.g. to test different hardware or control designs and
their ability to adapt to a human leg. One of the
main future directions will be to prove the ability of
the leg replica to represent real interactions between
humans and exoskeletons. To this aim, future pro-
totype iterations will aim to more closely mimic the
motions of human joints, to include human-like soft
tissues, and to reproduce different limb sizes, mor-
phology, or mass. This represents a necessary step



10P Publishing

Bioinspir. Biomim. 18 (2023) 036009

before comparing the results with human-oriented
tests and the examination of leg potential as a real
benchmarking device.
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