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Abstract— The objective and quantitative assessment of phys-
ical human-exoskeletons interaction (pHEI) represents a press-
ing necessity in the wearable robots field. This process remains
of difficult execution, especially for early stage devices, in
which the inclusion of human testing could pose ethical and
safety concerns. This manuscript proposes a methodology for
pHEI assessment based on an active dummy leg named Leg
Replica, which is able to sense interaction forces while wearing
an exoskeleton. We tested this methodology on a wearable
active knee exoskeleton prototype, with the goal to evaluate the
effects of a misalignment compensation mechanism. Through
this methodology, it was possible to show how the misalignment
compensation mechanism was able to reduce the interaction
forces during passive exoskeleton motion. Such reduction was
less evident when the exoskeleton was active. The tests allowed
to identify specific points of improvements for the exoskeleton,
enabling a more specific upgrade of the device based on these
experimental results. This study demonstrates the ability of
the proposed methodology to objectively benchmark different
aspects of pHEIL and to accelerate the iterative development of
new devices prior to human testing.

I. INTRODUCTION

Exoskeletons have experienced an exponential growth
over the past decade, and are nowadays present in multiple
healthcare, industrial, and consumer contexts [1]. This rapid
development led to a multitude of different products and
an increasing number of prototypes that prepare for market
uptake [2]. However, one problem that the community has
to face is the lack of a systematic benchmarking framework
to evaluate and compare these technologies. This factor is of
key importance considering that a quantitative assessment is
crucial for a correct inclusion of any device in the market [3].
The scientific literature includes several studies focusing on
the evaluation of exoskeletons. However, the heterogeneity
in protocols, metrics, and measurement systems makes it
very difficult to compare the different devices to each other
[4], creating a need for a systematic methodology based on
standardized assessment procedures [5]. In the literature, the
majority of the efforts have been centered on the assessment
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of performance, whereas physical interaction and safety eval-
uation have been less explored [6]. However, a recent survey
[7] highlighted how more than half of the safety skills consid-
ered as essential requirements for rehabilitation robots were
related to physical human-exoskeleton interaction (pHEI). In
our opinion, one of the main problems is represented by
the difficulty to directly and quantitatively assess pHEI in
humans [8], [9]. Sensor placement, human variability, met-
rics, and protocols adopted are the main factors hampering
pHEI systematic assessment [6]. Moreover, the inclusion
of human subjects can often raise ethical issues, especially
in early development stages, when devices generally need
fast and continuous development-verification iterations. Hu-
man involvement can be partially avoided through pHEI
modelling, where interaction is predicted from springs [10],
spring-damper [11] or more complex digital models (DHM)
[12]. However, current models still require validation with
real-life measurements, while the variety and complexity of
the human body remains an actual challenge. The device
relative motion over the body is another important factor
related to pHEI. However, the extraction of kinematic metrics
is not always straightforward and is often obtained through
indirect measurements [13]. This work aims to propose a new
methodology for the study of pHEI based on the use of in-
strumented dummy limbs to improve testing repeatability and
avoid human involvement in the early evaluation stages of
wearable robots and new design concepts. Existing dummy-
based methodologies consider wearability and device perfor-
mance [14][15] while are missing of a full system for pHEI
evaluation (e.g. contact force exchange). Our methodology
addresses the main barriers relative to the instrumental setup
for a complete pHEI measurement, as well as the necessity
to conduct reproducible and systematic tests. To test the
proposed methodology, we performed a pilot study focused
on a well-known problem in the field of exoskeletons:
joint misalignment [16]. Joint misalignment is unavoidable
and responsible for undesired human-exoskeleton interaction
forces. In order to limit its effect, many mechanical solutions
have been proposed, e.g., misalignment compensation mech-
anisms [17]. These mechanisms add extra degrees of freedom
(DoFs) to the exoskeleton frame to passively compensate the
effects of human-exoskeleton joint misalignment and reduce
spurious interaction forces. However, despite their proven
theoretical advantages, the real effectiveness of misalignment
compensation mechanisms remains unclear in the literature.
We hypothesize that this is due to the lack of systematic and
reproducible testing methods and by the difficulty introduced



by human tests, aggravated by the high human variability.
Indeed, the evaluation of the effectiveness of these mecha-
nisms requires direct pHEI measurements related to human-
exoskeleton interaction forces and relative motions, which
are not easy to measure directly in humans. This evaluation
is used as test case for the dummy limb based methodology
proposed by this manuscript. Our methodology is based on a
robotic, sensorized replica of a human leg, called Leg Replica
[18]. The leg Replica provides a standard and reproducible
testbed that can be used to study multiple aspects of human-
robot interaction without being affected by differences in
human limb size, shape, inertia, and soft tissue character-
istics. We applied the presented method to evaluate the
effectiveness of a misalignment compensation mechanism
implemented in a custom-made knee-joint exoskeleton under
different misalignment and testing conditions. The paper is
structured as follows. Section II describes the methodology
adopted for this evaluation. Then, results are presented and
discussed in Section III and Section IV, respectively.

II. MATERIALS AND METHODS

A. Leg-Replica prototype

The evaluation method used in this work is based on
the mechatronic dummy leg called Leg Replica presented
in [18]. This dummy device was designed to replicate the
shape, dimensions, weight, inertia, and motion of a real
human leg. The knee joint consists of an actuated hinge joint
that enables position control in the sagittal plane. Hip and
ankle joints are implemented as purely passive ball joints
that can be locked in a predefined spatial configuration. The
Leg Replica is equipped with 8 triaxial load cells located
beneath its external surface, four in the thigh and four in the
shank segments, (Fig. 1a). Both the thigh and shank segments
include four 3D-printed surface shells made of ABS material,
two at the front side and two at the back side. Each of
the eight surface shells is connected via a load cell to the
Leg Replica structure, allowing to sense the net interaction
force applied on each surface shell. This configuration allows
to obtain accurate readings of the interaction forces at the
level of each physical interface (exoskeleton cuffs), while
enabling high repeatability and control of the experimental
conditions, which is normally difficult to achieve in human
testing. An optoelectronic motion capture system composed
by 8 infrared cameras (VICON, Oxford, UK) is placed
around the Leg Replica platform for the estimation of the
leg-exoskeleton relative displacements. A soft layer is added
on the Leg Replica surface to mimic the presence of human
soft tissues. Based on the recommendations provided in
the ISO/TR23482-1 [19] technical report, we selected a
silicon-based material (EcoFlex 00-30 Smooth-On), which
demonstrated shear modulus within the range of published
values for biological tissues [20]. The material was glued on
both the thigh and the lower part of the shank, as visible in
Fig. la.

B. Knee Exoskeleton prototype

For this study, we used a lightweight wearable knee
exoskeleton prototype with one degree of freedom at the
knee joint, developed at the BIOMEC Lab (CREB-UPC,
Barcelona, Spain) (Fig 1b). The active motion is provided by
the AK80-9 actuator by T-Motor which is fully back-drivable
with an integrated 9:1 gear-box. The motion from the motor
is transmitted to the knee joint by means of a custom cable
transmission that allows bidirectional torque transmission
with a 3.46:1 gear ratio to increase the nominal torque of the
actuator. The shank segment of this exoskeleton features a
two-rotational single-prismatic (RRP) misalignment compen-
sation mechanism (MCM). It consists of two extra rotational
joints at the exoskeleton shank frame, plus a prismatic joint
that allows linear displacement of the shank cuff along the
shank frame. The two-rotational component of the MCM can
be deactivated to compare its effects with respect to a non-
compensation condition. For this, the two extra rotational
DoFs can be locked by a connecting metallic plate, while
the extra prismatic joint can be locked by tightly connecting
the exoskeleton shank interface to the shank frame. (Fig. 2).

Fig. 1. (a) Lateral view of the Leg Replica prototype and its sensing
surface shells. (b) Knee exoskeleton attached to the Leg Replica, including
reflective markers. The implemented silicon layer to emulate soft tissue
properties is visible on the thigh segment and the shank interface (white
material), with the reflective markers grouped by name. (c) Leg replica’s
marker models, with marker labels and reference systems for the leg and
knee exoskeleton. Markers were placed on the upper leg straps (US1, US2),
upper exoskeleton frame (UF1), knee joint (O1, O2, O3) lower leg strap
(LS1), lower exoskeleton frame (LF1, LF2), leg thigh (T1, T2, T3), leg
knee hinge (K1, K2), leg ankle (A1, A2) and foot (F1, F2, F3, F4). World
and local reference frames follow the following convention: x=red, y=green,
z=blue

C. Experimental Protocol

In order to assess the effectiveness of the MCM to com-
pensate for joint misalignment we explored 16 test conditions



resulting from the combination of 2 operative modes (active
exoskeleton and active leg), 2 MCM configurations (OFF and
ON) and for 4 misalignment conditions (neutral, positive,
negative and angular), as detailed in the following (see also
Fig. 3):
Operative mode
- Active exo (AE): exoskeleton driving the motion and
Leg Replica set as passive.
- Active leg (AL): Leg Replica driving the motion and
exoskeleton set as passive.

MCM configuration

- MCM ON: mechanism fully unlocked at both hinges
and sliding component.

- MCM OFF: mechanism fully locked at both hinges and
sliding component.

Misalignment condition

- Neutral misalignment: exoskeleton knee center located
in a +10mm neighbor from the leg knee joint center of
rotation.

- Positive misalignment: exoskeleton moved at least 30
mm along the thigh segment away from the hip joint
center.

- Negative misalignment: exoskeleton moved at least 30
mm along the thigh segment towards the hip joint center.

- Angular misalignment: exoskeleton rotated about the
thigh’s longitudinal axis (=10°). As a consequence, the
exoskeleton knee joint center results lower than the leg
knee joint (vertical misalignment) and the joint rotation
axes of the exoskeleton and the Leg Replica are not
parallel with each other. An opposed and symmetric
configuration to this condition was not correctly reach-
able, thus not included in this study.

The same angular trajectory is sent to either the Leg
Replica or the exoskeleton actuator. The zero-angle reference
position is set to a fully extended leg/device (leg horizontal
with respect to the ground). The control trajectory is a sine-
wave from 65° (leg flexed) to 5° (leg extended) sent at
0.1 Hz frequency. A complete run is composed of 11 sine-
wave periods for each condition. The extracted metrics are
described in Section II-D.

1) Marker Placement and VICON Model: To measure
displacements between the exoskeleton and the Leg Replica
we developed a marker-based protocol as showed in 1b. Two
virtual markers for the ankle joint center (AC) and knee
joint center (KC) are computed as the middle point of the
segment A1A2 and K1K2, respectively. The knee reference
frame (KRF) is computed with origin in KC, x-axis along
KCAC, z-axis as KCK1 and y-axis as vector product of
the other two. The exoskeleton knee joint reference frame
(ERF) is computed with origin in Ol (placed at the center
of rotation of the pulley), x-axis through marker O2 (on the
pulley’s circumference, in line with the shank’s frame) and
y-axis through O3 (on the pulley’s circumference, at 90°
from O2). Segment’s angles from UF1-O1 and LFI1-LF2
are also computed. To avoid undesired occlusion effects, the

position of markers K1 and K2 is reconstructed with respect
to a fixed reference frame (RF) built from T1, T2, T3. The
position of markers Al and A2 is calculated from a fixed
RF on the foot (F1, F2, F3). Markers US1 and US2 are
placed to verify eventual relative motions of the thigh cuffs.
Marker LS1 records both relative motions with respect to
KRF (cuff rubbing) and ERF (motion enabled from the MCM
unblocking).

2) Tests preparation: All trials and conditions share the
same test preparation procedures. The hip of the Leg Replica
is attached to a horizontal bar and blocked to maintain the
thigh parallel to the ground. The Leg Replica’s reflective
markers are placed following the protocol described in
Section II-C.1 and Fig. 1b. The leg knee joint was initially
blocked at 0° (fully extended leg) and markers’ position
was recorded with a VICON static capture. This preliminary
step allowed to verify the residual angle between the KRF
and the world reference frame (WRF). For residual angular
offsets lower than 2°, the two joint axes were considered
aligned. This procedure ensures to consider the thigh parallel
to the ground along the 3 axes. The ankle ball joint was
locked and kept at the same predefined position for all
conditions. Once the Leg Replica prototype was properly
set up for the testing, the knee exoskeleton was mounted
onto it. The remaining reflective markers were then placed
on the exoskeleton, completing the protocol described in Fig.
1 and Section II-C.1. Before each trial, the live coordinates
of markers O1 and K1 were checked to verify the alignment
in the XY plane between the axes of rotation of the Leg
Replica and of the exoskeleton. The cuffs were well fastened
as in a real use scenario while the initial strapping forces,
measured by each leg load cells, were taken as reference.
For each condition, we tried to maintain the same initial
strapping forces in a neighbor of +10N for each of the eight
sensors in the leg. This step allows for comparing different
conditions through the force metrics. Initial strapping forces
were checked before each trial. After these steps, depending
on the condition, a setpoint command is sent to the Leg
Replica (active leg condition) or to the exoskeleton (active

Fig. 2. Detail of the misalignment compensation mechanism when a)
locked (OFF) and b) unlocked (ON). Figure c) shows the schematic coupling
between the Leg-Replica and the exoskeleton, highlighting the rotational
(R1, R2) and prismatic (P1) degrees of freedom.



exo condition). For each of these conditions, experiments
were conducted with both the MCM ON and OFF in the
different misalignment configurations, following a random-
ized order.

D. Metrics

The effect of the MCM was globally analyzed from total
and shear forces recorded in the thigh and shank. The main
metrics included in the analysis were:

o Spatial misalignment (Mx, My) [mm]: Offset in the XY
plane between the axis of rotation of the Leg Replica’s
knee joint and that of the exoskeleton knee joint, i.e., x-
y offset between the position of marker KC and marker
O1 of Fig. 1b.

e Total peak force Thigh/Shank [N]: Total force was
defined as the vector sum from the x-y-z components
recorded by each of the 4 sensors in each segment. We
considered the total force from the sum of the 4 sensors
in the thigh and the 4 sensors in the shank. Total forces
are then segmented on the 10 complete knee cycles
of the trial (first cycle was excluded to avoid transient
effects). Maximum values of each segment are collected
for a total of 10 peak forces in the thigh Frrthigh) and
shank (Frshank).

o Shear peak force Thigh/Shank [N]: The computation
of this metric is analogous to that of the Total peak
force. The metric only considers the force component
directed longitudinally to the leg (along the x-axis of
WREF for sensors in the thigh segment, and the x-axis of
KREF for the sensors in the shank segment). We consider
the peaks of shear forces of each sensor, recorded in
the thigh segment (Fsthigh) and in the shank segment
(Fsshank).

o Variation [%]: Difference in % between peaks recorded
with MCM off and MCM on for the same operative
mode and misalignment condition. Negative % values
correspond to a force reduction after the MCM acti-
vation, positive % values to a force increase after the
MCM activation.

ITII. RESULTS

Figure 3 shows the results obtained from the 16 tested mis-
alignment conditions along with their position standard devi-
ation in the XY-plane (sagittal plane). The figure shows four
distinct clusters of misalignment, corresponding to positive,
negative, neutral, and angular. The angular condition pro-
duced negative y-misalignments and was achieved through
an extra « rotation of the exoskeleton frame about the x-
axis (depicted in Fig. 3). The average rotation in the angular
misalignment conditions («) was 9.8°. The misalignment
deviation along y-axis was preponderant compared to the de-
viation along x-axis for both MCM ON and OFF conditions.
In the MCM ON, the y-misalignment deviation was reduced
in neutral (-2.1%), positive (-39.8%), negative (-75.0%), and
angular (-79.1%) misalignment conditions for the active leg
(AL) mode. The same effect was not clearly observed during
the exoskeleton active (AE) mode where the activation of the

MCM differently influenced the y-misalignment deviation in
neutral (-42.9%), positive (+380%), negative (-9.7%), and
angular (-4.5%) misalignment conditions.
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Fig. 3. XY misalignment conditions reached in the analysis. Marker
coordinates represent the initial misalignment of the exoskeleton joint with
respect to the leg knee joint that is here centered in (0, 0). Leg thigh
and shank are shaded as pure reference to locate the misalignment (non-
scaled). Markers are colored according to the operative mode and the MCM
configuration. Blue markers refer to the active exoskeleton (AE) case, while
red markers to the active leg (AL) case. Darker shades refer to the unlocked
MCM (ON), while light shades refer to the locked MCM (OFF). The
horizontal and vertical lines on each marker represents the standard deviation
of the displacement of the exoskeleton knee center of rotation during the
trial in the x and y directions. A depiction scheme is added to highlight the
angular misalignment reference for the angular misalignment condition.

Figure 4 shows total and shear peak forces recorded in the
thigh and the shank for all tested conditions. Results from the
statistical difference test and percentage variation between
the MCM OFF-ON conditions are included in Table I. Re-
sults are divided by operative mode, misalignment condition,
and force metric considered. Results with p-value<0.05 are
considered significantly different and marked in bold. In the
AL mode, the MCM activation significantly reduced peak
forces in both thigh and shank. Exceptions were found for
Frthigh in positive misalignment condition and Fgshank
in neutral misalignment condition. All reduction effects
had high significant differences, with p<0.001. The higher
reduction effect was observed for the negative and angular
misalignment conditions, with more than 30% reduction for
Frthigh/shank and 50% for Fsthigh/shank. Shear forces
showed on average higher reductions, up to 70%. In the AE
mode, the MCM activation led to lower and weaker force
reduction effects. More consistent effects were recorded for
Frthigh/shank, although 3 conditions showed no signifi-
cant differences. In Fsthigh/shank, a force increment from
6 to 33.5% was experienced at the thigh level, while the same
metric was reduced in the shank from 2.6 to 38%.

IV. DISCUSSION

In this work, we presented a pilot study where a sensorized
mechatronic dummy leg was used to evaluate the effective-
ness of a misalignment compensation mechanism (MCM)
in a lightweight wearable knee exoskeleton prototype. The
presented setup enabled to overcome typical barriers in pHEIL
evaluation such as the extraction of interaction forces and
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Fig. 4. Effect of the MCM on the total and shear peak forces recorded in
the thigh and shank. Figure a) shows average total peak force values with its
standard deviation (black error lines) in the 10 complete cycles recorded in
each trial. Blue bars refer to the AE case, while orange bars to the AL case.
Darker bars refer to unlocked MCM (ON), lighter bars refer to locked MCM
(OFF). Significant difference between ON and OFF conditions (p-value <
0.05) is marked with a * symbol. The same conventions are maintained in
figure b) for shear peak force values.

the computation of joint misalignment, normally difficult
to assess systematically. The first achievement of this pi-
lot study showed that it is possible to conduct systematic
studies related to pHEIL such as the effect of MCMs to
compensate human-exoskeleton misalignment, using robotic
replicas of the human body, i.e., without involving humans.
The second achievement was to report quantitative evidence
on the effects of a MCM mechanism in different controlled
and repeatable conditions. Our results showed a significant
reduction of human-exoskeleton interaction forces in the
presence of the MCM. This effect was significantly visible
only when the Leg Replica was in active mode (exoskeleton
set as passive), with few exceptions in which peak forces
increased after the MCM activation. These exceptions can be
the result of undesired strap loosening at the shank level, with
a consequent decrease of Frshank and Fsshank during
the MCM OFF condition. As a result, these exceptional
loosening could bias the MCM OFF-ON comparison. For

TABLE I
EFFECT OF MCM ACTIVATION ON THE TOTAL AND SHEAR PEAK FORCES

Exo Active Leg Active
p-value [ var % p-value [ var %
Frthigh
Neutral > 0.05 -3.1 < 0.001 -19.4
Positive < 0.001 -8.5 < 0.001 -16.9
Negative < 0.05 -1.5 < 0.001 -29.2
Angular > 0.05 +1.4 < 0.001 -39.5
Frshank
Neutral < 0.001 -5.4 < 0.05 -6.0
Positive > 0.05 +2.6 < 0.001 +44.5
Negative < 0.001 -9.1 < 0.001 -33.7
Angular < 0.05 +11.3 < 0.001 -35.8
Fgthigh
Neutral < 0.05 +6.1 < 0.001 -6.6
Positive < 0.05 +20.3 < 0.001 -16.2
Negative < 0.001 +33.5 < 0.001 -66.8
Angular < 0.05 +20.3 < 0.001 -54.7
Fgshank
Neutral > 0.05 -3.9 < 0.001 +68.8
Positive < 0.001 -18.5 < 0.001 -38.6
Negative < 0.001 -38.0 < 0.001 -55.5
Angular < 0.05 -2.6 < 0.001 -69.8

the remaining conditions, the MCM considerably decreased
all the force-related metrics. Regarding the AE mode, the
MCM ON reduction effect was on average limited and less
significant, while Fsthigh was consistently and significantly
increased when the MCM was active. The devices’ backdriv-
ability can be an important factor to consider when analyzing
this discrepancy in the results. Weight, size, and transmission
system, make the exoskeleton a highly backdrivable device.
On the other side, the Leg Replica’s backdrivability is
strongly affected by its motor joint mechanical properties.
We can think that more effort was requested to the exoskele-
ton to drive the motion. As a consequence, the knee exoskele-
ton was experiencing higher vertical displacements (vertical
deviations in Fig 3) that the MCM activation was not able
to reduce. In fact, while the Leg Replica is fixed to a stable
structure, the exoskeleton frame is only fixed to the leg itself.
The quality of this coupling determines how the exoskeleton
will transfer its torque to the shank. From all these points,
we can speculate on the possible next improvements that
might regard i) the exoskeleton interfaces responsible for
the exo-leg coupling, and ii) the sliding degree of freedom
of the MCM (prismatic element in Fig. 2c). The rigid
exoskeleton interfaces did not allow an adequate adhesion
to the leg surface, influencing the system ability to correctly
transfer the motor torque to the dummy. Additionally, the
main limitation of the presented MCM concerns its sliding
degree of freedom obtained from the nut loosening on the
exoskeleton lower frame. Higher forces on this element
can obstruct the correct sliding effect, thus reducing the
benefits of the MCM. From these hypotheses, we can adopt
a dummy-in-the-loop approach, where our improvements are
first implemented and further tested and validated through
our methodology. This methodology can be applied not only
for the evaluation of mechanical solutions, but also to test



control strategies as well as any other implementation that
could influence pHEI. One important advantage of this setup
is the possibility to verify the shear component reduction.
Shear forces are key metrics in pHEI evaluation, as they
are normally undesired and related with rubbing effects and
skin injuries. The high reduction recorded in the active leg
mode confirms the advantages of implementing MCMs in
exoskeletons. The possibility to test the device in AL mode
produced useful data for comparison, highlighting the MCM
advantages, which would not have been verified with the AE
mode alone. One of the main limitations of the Leg Replica
for this study is its actual degree of backdrivability. Future
actions will have to quantify its ability to reproduce a passive
limb behavior. Next studies will include higher number of
tests and conditions to produce stronger evidence in the
results. The improvements identified by this analysis will be
implemented and the same methodology will be applied to
the new system to test the efficacy of the improvements. This
procedure can be iterated until the system will be supported
with sufficient evidence before human testing, which remains
an unavoidable step to prove the effectiveness of the final
exoskeleton designs.

V. CONCLUSIONS

This paper proposed a dummy-based methodology to as-
sess pHEI for the evaluation of a misalignment compensation
mechanism (MCM) included in the design of a wearable knee
exoskeleton. The implemented MCM proved to be effective
in passive exoskeleton conditions, where the movement was
driven by the dummy leg. In the active exoskeleton modality,
the effectiveness of the MCM remained unclear. The tests
highlighted a critical vertical displacement of the exoskeleton
knee joint. The analysis identified some drawbacks of the
exoskeleton interfaces and the MCM sliding mechanism,
which will be the object of future improvements.
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