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Abstract: Augmentative exoskeletons (AEs) are wearable orthotic devices that, when coupled with
a healthy individual, can significantly enhance endurance, speed, and strength. Exoskeletons are
function-specific and individual-specific, with a multitude of possible configurations and joint
mechanisms. This complexity presents a challenging scenario to quantitatively determine the optimal
choice of the kinematic configuration of the exoskeleton for the intended activity. A comprehensive
simulation-based framework for obtaining an optimal configuration of a passive augmentative
exoskeleton for backpack load carriage during walking is the theme of this research paper. A
musculoskeletal-based simulation approach on 16 possible kinematic configurations with different
Degrees of Freedom (DoF) at the exoskeleton structure’s hip, knee, and ankle joints was performed,
and a configuration with three DoF at the hip, one DoF at the knee, three DoF at the ankle was
quantitatively chosen. The Root Mean Square of Deviations (RMSD) and Maximum Deviations
(MaxDev) between the kinematically coupled human–exoskeleton system were used as criteria
along with the Cumulative Weight Score (CWS). The chosen configuration from the simulation was
designed, realised, and experimentally validated. The error of the joint angles between the simulation
and experiments with the chosen configuration was less than 3◦ at the hip and ankle joints and less
than 6◦ at the knee joints.

Keywords: exoskeletons; kinematic compatibility; biomechanical simulation; musculoskeletal modelling;
passive exoskeleton

1. Introduction

Exoskeletons find tremendous applications in strength augmentation, primarily in
military scenarios [1], mobilisation of Spinal Cord Injury (SCI) patients in rehabilitation [2],
and industrial applications for injury prevention while enhancing endurance [3]. Exoskele-
tons are external structural devices connected to the human through interfaces that can
provide homogenous movements coupled with the wearer.

Human movement, which has evolved over millions of years [4], is highly adaptable
to perform a broad spectrum of biomechanical activities and can efficiently engage with the
external environment. A complex combination of different muscles is triggered to minimise
time, effort, and energy or maximise power to achieve the intended movement. Therefore,
one exoskeleton configuration may not suffice for all biomechanical activities.

Exoskeletons’ system architecture is always function-specific and individual-specific.
They are classified as upper-extremity exoskeletons [5], lower-extremity exoskeletons [2,6,7],
or full-body exoskeletons. Under each category, there are powered exoskeletons and
unpowered/passive exoskeletons. Passive exoskeleton systems perform the intended
function using mechanical and compliant elements [8].
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Augmentative exoskeletons (AEs) coupled with healthy individuals augment their
capability by enhancing endurance and increasing strength without compromising mo-
bility [9]. Unlike a rehabilitative exoskeleton, an AE requires the system to move syn-
chronously with the wearer to provide significant augmentation. Several challenges must
be overcome in developing an AE system [10,11]. Most of these challenges fundamentally
arise from the wearer’s perceived comfort of the Human–Machine Interface (HMI). Kine-
matic incompatibility is an important limiting factor inhibiting research prototypes from
transforming into large-scale deployable functional exoskeletons. The rigidity and stiffness
of the structural elements of the exoskeleton, coupled with a complaint of the human body,
lead to a mismatch between the motions of the human and the exoskeleton. This drastically
reduces the augmentative capability of the system. Hence, human–exoskeleton synchro-
nisation is the key to enhancing augmentation. Minimisation of the human–exoskeleton
misalignment has rarely been explored in a quantifiable manner in the literature [12]. How-
ever, subject-specific kinematic modelling has been performed to predict human motion in
rehabilitative-powered exoskeleton systems [13].

The exoskeleton systems are connected in parallel or series with the human structure
to achieve the intended function [14,15]. When the systems are connected in parallel to the
human limbs and torso, the exoskeleton joints should provide the same Range of Motion
(RoM) and align with the human joints continuously during the complete biomechanical
activity. Misalignment of human and exoskeleton joints leads to increased interaction forces
at the HMI, resulting in decreased comfort, increased effort, and metabolic cost, significantly
reducing the system’s efficacy. An exoskeleton asynchronous with the wearer’s movement
will impede the motion and adversely hamper the primary objective of augmentation.
Yandell et al. [16] reported a decrease of 50% in useful assistive torque and an increase in
forces at the HMI in unintentional directions due to kinematic misalignment.

At the same time, it is nearly impossible to accurately replicate the human system
with joints having moving axes of rotation and the range of motion for all the activities.
Human joints are covered with soft tissues, and hence, the exact location of the joint
centres is difficult to estimate. The mechanical joints of the exoskeletons are designed to
provide adequate RoM and maintain the axis’ alignment in the best possible manner. There
are primarily three strategies concerning misalignment compensation, as suggested by
Naf et al. [17], to minimise the kinematic incompatibility, with each strategy having its
advantages and limitations.

The first common approach has been to reduce misalignment by introducing compli-
ant elements at the various joints of the exoskeleton [18]. The strategy provides kinematic
redundancy but increases the design complexity of the exoskeleton. Another novel ap-
proach is the introduction of Self-Aligning Mechanism (SAM) joints as proposed by Stienen
et al. and Cempini M et al. [19,20]. Accurate initial adjustment of the exoskeleton is not nec-
essary while using SAM. Still, suppose the mechanism is displaced beyond its workspace
(due to slippage or the cumulative effect of misalignments of other joints) in the serial
kinematic chain. In that case, it may become ineffective in preventing misalignment. Other
studies have introduced extra Degrees of Freedom (DoF) to the exoskeleton joints [21,22] at
the interface or joint levels to reduce misalignments. However, this increases the overall
complexity and weight of the exoskeleton when it encompasses many of the wearer’s joints.
As Zanotto et al. [23] reported, it is essential to find the best trade-off between a complex
architecture, which may be misalignment-free theoretically but bulky and cumbersome for
customisation to the wearer, and a more straightforward, traditional design with limited
complexity, friction, and inertia.

Even after adopting these strategies, the fitment of the exoskeleton and its alignment
to the human joints dramatically depend on the individual’s skill, which further leads to
intra/inter-subject variability of the individual trained for fitment. The exoskeletons are
manually aligned to the human subject during a static posture like standing, whereas the
functional requirement may be completely different. During dynamic movements, there is
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a continuous change in the human joint axis position and orientation, leading to increased
misalignment between the human–exoskeleton coupled system.

This research envisages a novel subject-specific musculoskeletal-based simulation
framework to realise the best kinematically compatible solution (among the options con-
sidered with simple joints) of a passive augmentative exoskeleton during walking. This
approach uses subject-specific experimental reference data, such as positions of anatomical
joint centres and orientations of the human segment, to scale an anthropomorphic skeletal
model and align the human–exoskeleton system. The intended outcome aims to answer the
following two research questions. (a) What should be the best kinematic configuration of a
passive augmentative exoskeleton intended for backpack load carriage during walking? (b)
Is it possible to have a generic simulation-based approach to identify the ideal kinematic
configuration for such systems?

This paper attempts to fill the research gap using a musculoskeletal simulation-based
framework. Musculoskeletal system modelling has evolved only during the last decade. All
musculoskeletal modelling platforms require motion capture data as an input to drive the
mathematical model of the human. Hence, the kinematics of human walking were captured
using an Inertial Measurement Unit (IMU) system. The capability to integrate IMU-based
kinematic measurements [24] was made available recently [25]. The kinematic measurement
of the individual and a virtual model of the exoskeleton are exported into a musculoskeletal
simulation environment. Human exoskeleton systems are kinematically coupled at the
various interfaces of human segments and exoskeleton straps. The human–exoskeleton
coupled inverse kinematics are simulated for various configurations using subject-specific
reference data, and the best configuration was chosen. Joint misalignments have been used
as a metric to obtain the best configuration without estimating the interaction forces. A
prototype was physically realised based on the simulations.

Further, experimental validation of kinematic compatibility was performed by simul-
taneously measuring the kinematics of the wearer and exoskeleton during walking and
comparing these with simulation results. This methodology would reduce the iterations in
the product development lifecycle to obtain the best kinematic configuration. The litera-
ture does not explicitly use simulations to assess kinematic incompatibility utilising the
combination of IMU-based measurements and musculoskeletal modelling.

Hence, this simulation-based framework is generic and suitable for any type of aug-
mentative exoskeleton (powered/passive) and any biomechanical activity. External actu-
ation (torque/force) can be provided to the joints of the human/exoskeleton in the mus-
culoskeletal simulation platform to simulate a powered system. The human–exoskeleton
coupled simulation-based approach could be extended to other compensation strategies to
minimise misalignments, such as introducing redundant kinematic links and joints.

2. Materials and Methods

The aim is to develop a simulation-based framework to find the best kinematic con-
figuration of a passive augmentative exoskeleton for the lower extremities coupled with a
healthy subject during walking. The volunteer was recruited after an informed consent
form was explained and signed. The criteria for recruitment were that the volunteer should
be physically fit with good exercise tolerance, between 150 and 190 cm of height, with
no history of cardiovascular issues, respiratory issues, back pain, or surgery. The subject
recruited for the study was 36 years old (height 184 cm) with no record of lower extremity
injuries. The joint kinematics data used for simulation and experimental validation was
performed on the same subject. Virtual 3D modelling of the different configurations of
exoskeletons, as detailed in Table 1, was realised in SolidWorks® 2018. This was coupled
with the TLEM 2.0 human model [26] in the AnyBody Modelling System v.7.3.2 (AMS)
(AnyBody Modelling System A/S, Aalborg, Denmark) [27]. Walking of a human model
in AMS was simulated using kinematic data obtained from Xsens MVN Awinda (2020)
(XSens Technologies, Enschede, The Netherlands) [28] at a sampling rate of 60 Hz. The
exoskeleton was coupled with the human model in AMS and initially matched with the
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standing data in the sagittal plane with the human anatomical joint centres. Subsequently,
the joint kinematics during walking drives the human model coupled with the exoskeleton.
The kinematic error between the exoskeleton and human joint angles was analysed for
different configurations to obtain the best kinematic configuration during walking.

Table 1. Different kinematic configurations of the lower extremity exoskeleton studied here.

No Total DoF Added DoFs to Flexion/Extension at the Hip, Knee, and Ankle Joints.

Config 1 6 -
Config 2 8 Ankle Inversion/Eversion
Config 3 8 Ankle Internal/External Rotation
Config 4 10 Ankle Inversion/Eversion; Ankle Internal/External Rotation
Config 5 8 Hip Abduction/Adduction
Config 6 8 Hip Internal/External Rotation
Config 7 10 Hip Abduction/Adduction; Ankle Inversion/Eversion
Config 8 10 Hip Abduction/Adduction; Ankle Internal/External Rotation
Config 9 10 Hip Internal/External Rotation; Ankle Inversion/Eversion
Config 10 10 Hip Internal/External Rotation; Ankle Internal/External Rotation
Config 11 12 Hip Abduction /Adduction; Ankle Inversion/Eversion; Ankle Internal/External Rotation
Config 12 12 Hip Internal/External Rotation; Ankle Inversion/Eversion; Ankle Internal/External Rotation
Config 13 10 Hip Abduction/Adduction; Hip Internal/External Rotation
Config 14 12 Hip Abduction /Adduction; Hip Internal/External Rotation; Ankle Internal/External Rotation
Config 15 12 Hip Abduction /Adduction; Hip Internal/External Rotation; Ankle Inversion/Eversion

Config 16 14 Hip Abduction /Adduction; Hip Internal/External Rotation; Ankle Inversion/Eversion; Ankle
Internal/External Rotation

The human model in AMS has three DoFs at the hip joint, one at the knee joint, and
two at the ankle joint. The RoM of the knee joint, flexion/extension (F/E), is predominant
during walking, and hence, the exoskeleton knee joint is approximated to a one-DoF
hinge joint in the sagittal plane. The human ankle joint has two DoF: dorsi-flexion and
plantar-flexion (DF/PF) and inversion/eversion (In/Ev).

As the intended biomechanical activity is walking, which mainly occurs in the sagittal
plane, it is mandatory to have F/E at the hip, knee, and ankle joints of the exoskeleton
combined with other DoF in the frontal and transverse planes at various joints. The hip joint
F/E could be combined with abduction/adduction (Ab/Ad), internal rotation/external
rotation (I/E), or all three DoFs could be used. Hence, the possible combinations of the hip
joint at the hip are (i) hip (F/E), (ii) hip (F/E) (Ab/Ad), (iii) hip (F/E) (I/E), (iv) hip (F/E)
(Ab/Ad) (I/E). While the knee joint of the exoskeleton offers only (F/E), the ankle joint with
(DF/PF) could be combined with In/Ev, I/E, or both. Hence, the possible combinations of
the ankle joint are (i) ankle (DF/PF), (ii) ankle (DF/PF) (In/Ev), (iii) ankle (DF/PF) (I/E),
(iv) ankle (DF/PF) (In/Ev) (I/E).

As described in Table 1, there are sixteen plausible combinations of the hip, knee, and
ankle joints for an exoskeleton. Flexion/extension of each hip, knee, and ankle joint is
mandatory to achieve walking; hence, the combination is limited to 16. The joint DoFs of
the exoskeleton configurations could vary from a minimum of 6 to a maximum of 14.

2.1. Kinematic Data Collection for Simulation and Analysis

The kinematic data were collected from Xsens Awinda during standing and walking
when the subject walked on level ground for 10 m at an approximate speed of 2 kmph for
nine gait cycles. One complete gait cycle from the heel strike of the left leg was chosen for
simulation, and it occurred within 1.6 s in the musculoskeletal system AMS.

The Xsens system consists of a torso suit with adjustable straps encompassing 17 wire-
less IMU sensors fitted onto the body, as shown in Figure 1a. The joint kinematics of
23 segments and 22 joints are captured and analysed using MVN Analyze Pro software
(2021.2.0). Figure 1b shows a flow chart from subject preparation to processing in AMS.
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The human standing model considered for analysis has 72 segments and 122 joint 

DoF, as shown in Figure 3a. An individual-specific scaled skeletal model was obtained by 
importing the kinematic data from Xsens and initialising the scaling condition. The ge-
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Figure 1. Functional representation of IMU sensor data collection and its analysis methodology.
(a) IMU sensor configuration. (b) Flow chart: Data capture to simulation.

The output kinematic data, as shown in Figure 2, from Xsens during the complete gait
cycle were obtained in .mvn format. They were further processed, exported in Bio Vision
Hierarchy (.bvh) format, and scaled with AMS subject-specific parameters. The input
reference trajectories drive the human model in AMS during walking. Subsequently, the
virtual prototype of the exoskeleton is constrained and integrated with the AMS platform.
The hip, knee, and ankle joint angles are simultaneously captured during walking and
compared in the simulation environment.
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2.2. Constraining the Virtual Exoskeleton System with the Human Model in AMS

The captured kinematic data were processed in the musculoskeletal modelling plat-
form AMS coupled with the exoskeleton environment model.

The human standing model considered for analysis has 72 segments and 122 joint
DoF, as shown in Figure 3a. An individual-specific scaled skeletal model was obtained by
importing the kinematic data from Xsens and initialising the scaling condition. The generic
exoskeleton modelled in SolidWorks® 2018 was imported to AMS, as shown in Figure 3b.
The inverse kinematics is obtained from the closed-loop kinematic solution of the solver
after kinematically constraining the exoskeleton components with the AMS human body
model, as shown in Figure 3c. A generic exoskeleton model consisting of seven components
was modelled in SolidWorks® 2018 and then exported to AMS.
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As shown in Figure 4, the exoskeleton is modelled as a set of seven components. Each
component has a ball and socket on either extremity, with one node associated at each end.
An extra node on each of the seven components constrains the associated human segment
to simulate the straps. The seven components are appropriately constrained to obtain 16
different kinematic configurations of the exoskeleton structure, as described in Table 1.
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Figure 4. Generic model of exoskeleton with seven components for all configurations.

The orientations and the joint centres of the exoskeleton segments are matched to the
orientations of the human segments during standing, and the same is verified in the sagittal
plane. The constraints between the human and the exoskeleton are simulated according to
the physical system being constrained with the straps at the human’s foot, shank, thighs,
and waist. The human foot is wholly coupled with the exoskeleton foot link. Hence,
all six DoF are arrested between the human and exoskeleton feet on the right and left.
Subsequently, the shank links of the exoskeleton form the ankle joint with the foot link and
the knee joint with the thigh link. Hence, the node representing the strap is soft-constrained
for orientation with the human shank link. This allows for slight movement when the AMS
algorithm attempts to solve the closed-loop kinematics of the human–exoskeleton coupled
system. A similar strap constraint is given for the thigh strap and waist straps with the
nodes on the thigh links and the waist link, respectively. After matching the exoskeleton
with the standing model, walking simulations are performed.
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2.3. Musculoskeletal Simulation Results

The coupled kinematics of the human exoskeleton system are solved in the muscu-
loskeletal simulation platform for walking. The joint RoM for the human and exoskeleton
models’ hip, knee, and ankle are plotted for one gait cycle.

Figure 5 shows a typical output plot of the simulated RoM of the hip joint of the
human and exoskeleton during the complete gait cycle.
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The Root Mean Square of Deviations (RMSD) and the Maximum Deviations (MaxDev)
between human and exoskeleton joint kinematics are obtained for all joints (left and right
legs) in all 16 configurations and tabulated in Table 2. The RoM of all joints (human
and exoskeleton) for all 16 configurations are plotted in Figure S1 of the Supplementary
Materials. The deviation profiles for all the configurations are plotted in Figure S2 of the
Supplementary Materials.

Table 2. RMSD (MaxDev) between human and exoskeleton joint kinematics for all configurations.
The numbers in green indicate the four lowest values in each column. The CWS is computed by
adding the number of occurrences of values in green across a row. A higher CWS indicates a more
suitable configuration.
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5.5
(5.6)

1.7
(2.5)

3.7
(4.7)

6.3
(6.5)

0.6
(1)

0.7
(1)

0.5
(0.8)

3.9
(5.9)

0.5
(1.6)

3.9
(6.2)

6
(9)

Config2 2
(3.3)

3
(4.8)

5.4
(6.5)

1.9
(2.9)

3.4
(4.8)

6.3
(7.1)

2.2
(4.6)

2.5
(4.7)

1
(2.2)

1.8
(2.6)

1
(2.5)

1.8
(3.2)

3
(4)

Config3 1.9
(3.4)

3.2
(5.4)

5.6
(5.8)

1.9
(3.2)

3.1
(5.2)

6.4
(6.6)

0.8
(1.4)

0.8
(1.4)

0.6
(0.7)

4.9
(10.4)

0.6
(1.6)

4.9
(10.5)

3
(4)

Config4 2.1
(3.3)

2.9
(5.1)

1.2
(1.6)

1.7
(2.9)

3.2
(5.3)

0.6
(1.1)

1
(2.4)

1.8
(4)

0.8
(1.5)

5.1
(11.2)

0.8
(2.1)

5.1
(12.1)

4
(5)

Config5 2.1
(3.6)

3.6
(6)

7.5
(10.8)

2.6
(4.2)

3.6
(6.4)

7.2
(11.6)

4.1
(6.4)

3.6
(6.3)

0.7
(1.5)

4.2
(6.6)

0.7
(2.2)

4.2
(6.5)

2
(1)

Config6 0.4
(1)

3.1
(4.7)

5.2
(6.3)

1.5
(3.6)

4.1
(5.9)

6.1
(7.4)

1.1
(1.4)

1.2
(2.1)

1
(2.3)

4
(6.2)

1
(2.6)

4
(5.8)

4
(1)
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Table 2. Cont.

Config-
urations

Lhip
Ab/Ad

Lhip
I/E

Lhip
F/E

Rhip
Ab/Ad

Rhip
I/E

Rhip
F/E

Lknee
F/E

Rknee
F/E

Lankle
F/E

Lankle
In/Ev

Rankle
F/E

Rankle
In/Ev CWS

Config7 5.3
(9.9)

4.5
(9)

12
(19.3)

4.9
(11)

6.8
(15.9)

10.9
(18.7)

3
(6.9)

3.1
(7.7)

2.2
(6.6)

2.8
(4.7)

2.2
(4.4)

2.8
(4.1)

2
(2)

Config8 1.9
(3.4)

3.6
(6.8)

7.4
(10.7)

2.5
(4.1)

3.3
(6.7)

7.1
(11.6)

3.9
(6.1)

3.6
(6.2)

0.7
(1.6)

5.3
(10.2)

0.7
(2.3)

5.3
(9.8)

2
(0)

Config9 1.5
(2.7)

2.7
(5.2)

5.6
(6.9)

2.7
(5.5)

3.3
(4.9)

6.2
(8.4)

1.9
(3.8)

1.8
(5.3)

1.5
(3.4)

1.6
(3.8)

1.5
(11.2)

1.6
(4.6)

5
(2)

Config10 1.6
(2.7)

3.2
(5.9)

5.8
(7.3)

2.2
(3.8)

3.4
(5.3)

6.5
(7.8)

1.1
(2.3)

1.4
(2.6)

0.8
(2.2)

5
(10.3)

0.8
(1.8)

5
(10.2)

0
(1)

Config11 1.9
(3.2)

3.4
(6.5)

6.9
(10.6)

2
(3.5)

3.3
(7.1)

7.1
(12)

3.5
(5.4)

3.3
(5.7)

0.8
(2.1)

5.9
(10.7)

0.8
(2.8)

5.9
(13.9)

0
(0)

Config12 1.5
(2.2)

2.7
(5.1)

5.4
(6.2)

1.7
(2.6)

3
(4.9)

6.1
(6.9)

0.8
(1.9)

1
(2.1)

1.3
(2)

5.4
(12.2)

1.3
(2.2)

5.4
(12.5)

6
(2)

Config13 1.6
(2.5)

3.2
(4.5)

5.5
(5.9)

2.1
(3)

3.7
(4.9)

6.3
(6.7)

0.7
(1.1)

0.6
(1.2)

0.8
(1.8)

3.4
(5.8)

0.8
(2.6)

3.4
(5.5)

2
(4)

Config14 1.6
(2.6)

2.7
(4.4)

5.4
(5.7)

2
(3.3)

3.2
(4.6)

6.2
(6.7)

0.6
(0.9)

0.5
(0.9)

0.9
(1.9)

4.3
(9.2)

0.9
(2.7)

4.3
(8.3)

6
(6)

Config15 3.3
(7.4)

2.7
(4.5)

6.6
(10)

4.3
(9.7)

3.2
(5.1)

7.7
(11.9)

1.2
(2.7)

1.2
(3.4)

4.8
(12.6)

3.1
(5.3)

4.8
(11.6)

3.1
(5.3)

2
(2)

Config16 1.9
(3)

2.6
(4.1)

5.5
(6)

2.2
(3.4)

3.1
(4.8)

6.4
(7)

0.5
(0.7)

0.6
(0.9)

1.4
(2.2)

2.8
(5.2)

1.4
(3)

2.8
(7.5)

6
(5)

2.4. Determination of the Best Configuration of the Exoskeleton

The strategy used to determine the best configuration of the exoskeleton from Table 2
is as follows.

Step 1: For a given joint angle (each column of Table 2), the top 25 percentile of the
configurations with minimum values of RMSD and MaxDev are identified, i.e., the least
values are marked in green in each column until at least four configurations are determined.

Step 2: As identified from the first step, all the values of RMSD and MaxDev in the top
25 percentile of the configurations were assigned one weightage score (all values marked
in green were assigned a weightage score of 1).

Step 3: Finally, the Cumulative Weight Score (CWS) was obtained by adding the
number of instances of the entries in green (not the sum of absolute values for each
configuration) and tabulated in the last column of Table 2.

Step 4: The top 25 percentile of the configurations with maximum CWS was considered,
and the best configuration for the application, in this case, walking on uneven surfaces,
was identified.

The higher CWS score results from higher occurrences of the least values of RMSD
and MaxDev, demonstrating a better configuration. The higher the number of occurrences
of a lower RMSD indicates a lower misalignment. Similarly, higher occurrences of a lower
MaxDev value indicate a lesser deviation. Hence, the more instances where a particular
configuration has the least RMSD and MaxDev values at various joints, the better the
exoskeleton configuration.

From Table 2, based on the RMSD of the human–exoskeleton system, it is inferred
that Config1, Config12, Config14, and Config16 are potential configurations with high
CWS indices. On examining the MaxDev between the human and exoskeleton in Table 2,
Config1, Config4, Config14, and Config16 are the potential configurations based on their
high CWS indices.

As the exoskeleton is designed for walking on even and uneven surfaces, a suitable
configuration mandates sufficient mobility at the hip and the ankle joint. Hence, Config
1 is eliminated as it has only F/E DoF at the hip, knee, and ankle joints. Considering the
necessity of having Ab/Ad movement at the hip joint for mobility on uneven surfaces,
Config 4 and Config 12 are eliminated. Further, considering the necessity of having Ab/Ad
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movement at the ankle joint for mobility on uneven surfaces, Config 14 is eliminated. Hence,
Config 16 is the most suitable candidate for high kinematic compatibility for walking on
uneven surfaces and is selected as the most appropriate configuration for further realisation
and experimentation.

Hence, out of the five optimal configuration options, the necessity of having the abduc-
tion/adduction motion at the hip and ankle joints was used as a criterion for elimination
and obtaining the best configuration for walking on even and uneven surfaces [29,30].
The cumulative effects of having all possible combinations of DoFs in all three joints (hip,
knee, ankle) can be quantitively understood only from the complete simulation of all
16 configurations.

3. Development of Exoskeleton Prototype

The exoskeleton with the chosen configuration was designed, realised, and experimen-
tally tested to validate the simulation-based framework. Experiments were performed on
the same subject, wearing only the exoskeleton configuration obtained from the simulation.
As the kinematic constraints between the human and exoskeleton systems remain the
same for all configurations of the exoskeleton, the simulation provides an equally effective
comparison of configurations. The kinematic diagram describing this configuration of the
passive augmentative exoskeleton is shown in Figure 6a. The configuration with three DoF
at the hip joint, one DoF at the knee joint, and three DoF at the ankle joint were designed
and modelled, as shown in Figure 6b. The structure will have joints at the hip, knee, and
ankle to mimic the motions of the anatomical joints during walking. Figure 6c shows that a
spring–damper mechanism transfers the backpack load from the pelvic to the thigh link.
However, as there is no load carriage in this analysis, the spring–damper system is in a
transparent mode, equivalent to having no spring–damper at all, as it does not support
any load or restrict any motion. The passive augmentative exoskeleton is attached to the
human body at the foot, shank, thigh, and waist with their respective straps, as shown in
Figure 6d.
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model. (c) Spring damper system. (d) Prototype.

Experimental Setup for Validation

To evaluate and compare the kinematics of human walking with an exoskeleton,
the kinematics of both the human and the exoskeleton must be captured separately but
simultaneously using a trigger box. BTS trigger box time synchronises the motion data
from the BTS motion capture system and the Xsens Awinda system. The trigger unit box
sends an external start pulse to the BTS device and Xsens to start and stop the common data
acquisition. The trigger unit box is used to manually generate the pulse. Initially, the trigger
box is connected to the BTS mocap system. The output of the trigger box is connected to
the sync-in port of the Xsens Awinda receiver system. When the trigger box start button is
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pressed, Xsens and the BTS mocap system record the data simultaneously. When the stop
button is pressed in the trigger box, the data recording in both systems stops.

Human kinematics is obtained by donning a full body protocol of sensors of the
Xsens Awinda system, and exoskeleton kinematics is obtained by placing passive reflective
markers and the motion captured by the infrared camera from the BTS system. The
schematic of the experiment is shown in Figure 7.
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Figure 7. Schematic for human–exoskeleton simultaneous kinematic data collection.

Figure 8 shows the experimental setup for simultaneous kinematic data capture of
the subject and exoskeleton. The subject is strapped with 17 IMU sensors from the Xsens
Awinda system on the various body segments. The Xsens system is calibrated before data
capture and measures the subject’s joint kinematics. Loosening of straps, slippage of sensors,
and improper postponing of sensors on human segments lead to errors in kinematic data
capture, data drifting, or unrealistic human movements. The system has to be recalibrated
before data recording. Three non-collinear marker trajectories are captured using the BTS
motion capture system on each exoskeleton component. The position and orientation of
each exoskeleton segment are obtained, and the individual joint angles are calculated to
show the difference between the segment orientations. The BTS wand calibration defines
the system’s workspace. The challenges with a camera-based reflective marker system are
marker occlusions, ghost markers, and limited capture volume. Hence, the exoskeleton is
anodised black to prevent reflections and ghost markers. Good workspace calibration and
marker placement at appropriate positions are ensured before data capture. Trajectories of
all markers are checked during experimental validation and time synchronisation. Missing
markers introduce errors in the computation of joint kinematics. Hence, several repetitions
of trials may be necessary to ensure that the marker trajectory of each marker on the
exoskeleton and joint kinematics of humans are entirely captured for comparison.

The kinematics of human joints, obtained from the Xsens Awinda system, and the
kinematics of the exoskeleton structure, obtained from the marker trajectories of the BTS
motion capture system, were analysed simultaneously. The data were linearly interpolated
(normalised) to a common sampling frequency to match the sampling rates of Xsens data
(60 Hz) and the BTS motion capture rate (250 Hz). The joint angles for each leg’s hip, knee,
and ankle for humans and exoskeletons were plotted for multiple gait cycles. The variation
between the human joint angles and exoskeleton joints during flexion/extension of the left
and right legs is plotted in Figure 9. The patterns show that the exoskeleton joints fairly
mimic the human joint angles during the complete gait duration.
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Figure 8. Experimental setup for simultaneous kinematic data collection of the human exoskeleton,
with Xsens sensors on the human and reflective markers on the exoskeleton.

The comparison between the RMSD of simulation and experimental results for the
flexion/extension of the hip, knee, and ankle joints for the left and right legs is presented
in Table 3. The values reasonably match for the hip, knee, and ankle joints. The most
significant deviation observed between the simulation and experiment is for the left knee
joint. It could be attributed to some slippage of the straps on the thigh and shank that may
have occurred for the left leg of the exoskeleton.
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Table 3. Comparison of RMSD of the human exoskeleton in simulation and experiment.

Joint Angle Estimation Errors in Degree between Simulation and Experimental Approach

HIP F/E Knee F/E Ankle F /E

Simulation Experiment Simulation Experiment Simulation Experiment

RMSD
Left Leg 5.5◦ 3.09◦ 0.5◦ 6.43◦ 1.4◦ 2.99◦

Right Leg 6.4◦ 4.18◦ 0.6◦ 3.46◦ 1.4◦ 4.20◦

4. Discussion

An augmentative exoskeleton should increase the human’s strength or endurance
without affecting the wearer’s natural movements. Incompatibility between the DOF of
the anatomical joints and the joints of an exoskeleton can lead to unwanted forces and
torques on the wearer, resulting in discomfort. However, the movements required for a
particular task may employ only specific anatomical DOF, and hence, if an exoskeleton
includes all possible DOF, it may be unnecessarily complex. The primary aim of this
work was to develop a simulation-based framework for obtaining optimal compatibility of
the human–exoskeleton system for specific tasks, in this case, walking on uneven terrain.
The virtual modelling framework of the human–exoskeleton coupled system provides
insights into the effect of various exoskeleton configurations on the wearer. It speeds up the
development process for physical realisation by enabling rapid testing of multiple designs.

Configurations incorporating various DOFs at the hip, knee, and ankle—the primary
joints involved in walking—were considered for the simulation. Subject-specific kinematic
data for walking were used to drive a kinematic anthropomorphic model fitted with
different configurations of the exoskeleton, and the RMSD between the joint movements
of the human model and the exoskeleton was determined. While previous studies have
understood the relationship between interaction forces and measures of misalignment [31],
here, the focus is on the kinematics alone because the design of the exoskeleton is non-
actuated, and the target population for its use is healthy, young soldiers walking on uneven
terrain. The simulations were used to choose the DOF necessary for the exoskeleton design
for performing the specific activity.

The simulations showed that the MaxDev (Table 2) for the chosen Config16 was
7.5◦ for ankle inversion/eversion on one side. The lack of abduction/adduction and
internal/external rotation in the AnyBody human model was a limitation for the knee joint.
Therefore, the exoskeleton configurations did not consider additional DOF at the knee
joint. Despite this limitation, the maximum value of RMSD of the knee angles was 4.1◦ in
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Config5, and it was 0.5◦ in the chosen Config16, indicating that for the specific activity of
walking, the other DOF at the knee does not have a significant influence.

Further to the inferences derived from RMSD and deviation from Table 2, a similar
inference has been derived considering the complete RoM of the human, RoM of the
exoskeleton, and their deviations for the complete gait cycle for all configurations.

Further, the RoM of the human and exoskeleton joints for all 16 configurations have
been plotted and presented in Figure S1 of Supplementary Materials, along with input
reference joint motion trajectory. It is observed that the human joint trajectories were altered
when coupled with different exoskeleton configurations. It is observed that extension of
the human hip joint does not occur for configurations 6, 10, and 11 (Figure S1i,j). For config
5, 7, 8, and 11 with two DoF (FE, AbAd) at the hip joint of the exoskeleton, it is observed
that the RoM of the exoskeleton hip joint is highly restricted irrespective of the RoM at
the ankle joint (Figure S1w,x). The RoM of the human hip joint is between 30◦ and 10◦ in
flexion and extension, respectively, for the other configurations. There is a sharp change in
different joint angles in configuration 9, which may be due to the effect of the exoskeleton
system on the human. Although the joint angles during left hip AbAd are between 2◦ and
−6◦, the dispersion of the angles is highest between the midstance and pre-swing phases of
gait (Figure S1g,h). It was observed that the internal rotation of the hip is more important
than the abduction/adduction at the hip, which reduces the overall misalignment error.

From the profiles of the knee joint angles of the human, as shown in Figure 10a,b, it
was observed that for certain configurations, the knee joints of the human tend to move into
hyperextension. Hence, such configurations are eliminated, and the choice of configurations
narrows down to Configuration 13, 14, and 16. Further, in conjunction with the reference
from Table 2, config 13 is eliminated as it has the least CWS index, and hence the most
suitable configurations are 14 and 16. The optimal configuration for the intended activity
with the exoskeleton is configuration 16, followed by configuration 14.
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The deviation plots for all the configurations, as shown in Figure S2 of the Supple-
mentary Materials, indicate that the deviation was maximum for configuration 7, which
matches the inference from Table 2. The minimum deviations for configurations 1, 4, 14,
and 16, as tabulated in Table 2, match the deviation profiles in Figure S2.

Configuration 16, with three DoF at the hip joint, one DoF at the knee joint, and three
DoF at the ankle joint, was the optimal kinematically compatible configuration for walking
on even and uneven surfaces. Although this configuration closely matches the DoF of the
human joints, the simulation framework provides a quantitative approach to obtain the
optimal configuration. Configuration 14 is also a good choice if the walking is restricted to
even surfaces.

Further, to verify the robustness of the simulation, a detailed prototype was realised
with this configuration and experimentally validated. Based on the initial exoskeleton
design choices, the framework provides a generic approach to any chosen biomechanical
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activity, mechanisms (traditional joints, self-aligning joints), and structure (rigid or flexible)
envisaged. It would substantially reduce the development time and cost. It can also provide
subject-specific insights and can enhance the scale of production. This methodology also
quantitatively indicates the configurations that should be avoided.

The deviation profiles of the human–exoskeleton joint kinematics are indicated in
Figure S3 of Supplementary Materials, which suggests that the deviations are repetitive for
multiple gait cycles. The magnitude of the deviations depends on several factors, such as
the fitment onto the subject, the tightness of coupling at the interfaces, and deviation in
marker positions on the exoskeleton during the experiment.

An earlier experimental study for capturing the human and exoskeleton kinematics
was performed by Torricelli et al. [13]. However, since they used the same motion capture
system to capture the human and exoskeleton motions, they had to perform separate
trials for each motion since the marker placements would be hidden otherwise. We could
simultaneously capture the kinematics using two different systems in our work. The
purpose of Torricelli et al. was to use the motion of the exoskeleton to drive the human
joints for rehabilitation purposes. Our application is to ensure that the exoskeleton follows
the wearer’s motion.

The best kinematic configuration of the exoskeleton for walking on even and uneven
terrain is Config 16, which has sufficient mobility at the hip and the ankle joint. Based
on the RSMD criterion, the other optimal configurations are Config 1, Config 12, and
Config 14. Based on the maximum deviation criterion, the other optimal configurations are
Config 1, Config 4, and Config 14. Further, these configurations could be used ideally for
specialised military and industrial applications where repeated tasks and load carriages
are predominant. Config 14, with high mobility at the hip and restricted at the ankle joint,
could be helpful for load augmentation on even terrains or terrains with uniform up slopes
or down slopes. Config 12 has high mobility at the ankle joint and lesser mobility at the
hip joint. It can find its application in industry for logistics and tasks that involve bending,
lifting, or turning with load. In the military scenario, this configuration could carry a
payload such as military equipment/personal protective gear, including bulletproof jackets
and helmets. Config 4, with its restricted movement in the hip, can be used in scenarios
where the hip movement needs to be restricted but with enough angle mobility. This
configuration could be used in rescue operations during earthquakes, floods, and other
natural disasters. Firefighters could also use it to carry heavy equipment during operations.
Config 1 has high restrictions on the movement in the hip and ankle joints. It applies in
scenarios where restricting movement is essential but requires load carriage. For instance,
it can help carry heavy tools in a factory assembly line setup for an extended period. Other
applications of these optimal configurations can be explored in industries that emphasise
providing logistics support, warehouses, airports, dockyards, and railway stations where
continuous material handling is necessary.

This simulation-based approach could be extended to different activities and a larger
population. Musculoskeletal modelling and simulations are subject-specific, and the simula-
tion framework and experimental validations on multiple subjects require computationally
intensive resources and time. Hence, the simulation was performed for a particular activity
on a single subject in this work, which is a limitation of this study and could be taken up in
the future. Further, the experimental validation has been performed only on the chosen
configuration. Experimental validations for all configurations require the development of
an exoskeleton test bed, with the capability of locking/unlocking various joints to realise 16
different kinematic configurations, which would be part of future work. Another limitation
is the choice of DoF considered at the knee joint when coupled with the AMS human model.
The number of plausible configurations when the knee joint has three DoF is 64 configu-
rations. However, this exercise will not be beneficial since the musculoskeletal model of
AMS [26] has three DoF at the hip joint, one DoF at the knee joint, and two DoF at the ankle
joint. Hence, even if other combinations with additional DOF at the knee joint were consid-
ered, they cannot be compared with the angles of the human model. The simulation-based
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framework and the experimental validation were performed for walking on a level ground.
However, the exoskeleton was developed to transfer the backpack load to the ground while
walking on even and uneven terrain. Hence, while obtaining the best configuration of the
exoskeleton, the system capable of walking on uneven ground is considered. As the input
data for simulation and its subsequent experimental validation could not be performed
on uneven terrain conditions, this could be considered a study limitation. As a part of the
future scope, simultaneous kinematic data capture in field/outdoor conditions should be
explored. Kinematic simulation of the human–exoskeleton-constrained system has only
been performed without estimating interactive forces between human and exoskeleton
systems. Simulation of interactive forces is computationally intensive, and experimental
validation necessitates highly customised sensors and instrumentation for measurements.

5. Conclusions

Augmentative exoskeletons should provide unobstructed mobility to the wearer
while augmenting the intended biomechanical activity. As it is challenging to mimic
the exact mechanism of the human joints, the exoskeletons usually incorporate pseudo-
anthropomorphic joints. Hence, the challenge is to finalise the best match of the exoskeleton
from the various available options.

Hence, kinematic compatibility between human and exoskeleton systems is essential
to achieve the intended outcome in augmentative applications. Generally, all exoskeletons
are subject-specific, scenario-specific, and application-specific. Hence, when coupled with
a musculoskeletal human model, a quantitative, simulation-based approach is essential to
study the effects of various plausible kinematic configurations of the exoskeletons. Quanti-
tatively simulating the best configuration provides an edge in the product development
lifecycle, significantly reducing the time and effort taken to build, test, and iteratively
improve the developmental prototypes. This approach provides the capability for mass pro-
duction of an exoskeleton. A streamlined virtual coupled model would offer the complete
kinematic data of the exoskeleton necessary for fitment and customisation.

The passive augmentative exoskeleton realised in this work was designed to enhance
endurance and provide augmentation during walking on even and uneven surfaces. Hence,
from the above analysis, the optimal configuration of the exoskeleton 16 has three DoF at
the hip, one DoF at the knee, and three DoF at the ankle. The exact configuration is realised
and experimentally tested for validation.

Further work can include other joint mechanisms (such as polycentric ones for the
knees) for the different anatomical joints of the human body and for various activities.
Compatibility of complaint mechanisms and redundancy studies for multiple configura-
tions can be studied. A subject-specific framework can be quickly adapted to study the
inter-subject variability for misalignment compensation strategies. Different activities of
daily life that are specific to other scenarios, such as sitting to standing, squatting, kneeling,
turning side to side, and stepping, can be analysed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/robotics13050079/s1, Figure S1: (c–f) and (g–l) present the RoM
of joint angles (ankle and hip) for human, and figures (m–z) present the RoM of joint angles (Hip,
Knee, and Ankle) for exoskeleton. Figure S2: (a–l) present the deviation of joint angles (hip, knee, and
ankle) for all configurations. Figure S3: Deviation between human and exoskeleton flexion/extension
at hip, knee, and ankle joints from experimental validation.
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