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Biomechanical Effects of Stiffness in Parallel
With the Knee Joint During Walking
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Abstract—The human knee behaves similarly to a linear
torsional spring during the stance phase of walking with a stiffness
referred to as the knee quasi-stiffness. The spring-like behavior of
the knee joint led us to hypothesize that we might partially replace
the knee joint contribution during stance by utilizing an external
spring acting in parallel with the knee joint. We investigated the
validity of this hypothesis using a pair of experimental robotic knee
exoskeletons that provided an external stiffness in parallel with the
knee joints in the stance phase. We conducted a series of exper-
iments involving walking with the exoskeletons with four levels
of stiffness, including 0%, 33%, 66%, and 100% of the estimated
human knee quasi-stiffness, and a pair of joint-less replicas. The re-
sults indicated that the ankle and hip joints tend to retain relatively
invariant moment and angle patterns under the effects of the ex-
oskeleton mass, articulation, and stiffness. The results also showed
that the knee joint responds in a way such that the moment and
quasi-stiffness of the knee complex (knee joint and exoskeleton)
remains mostly invariant. A careful analysis of the knee moment
profile indicated that the knee moment could fully adapt to the
assistive moment; whereas, the knee quasi-stiffness fully adapts to
values of the assistive stiffness only up to ∼80%. Above this value,
we found biarticular consequences emerge at the hip joint.

Index Terms—Human walking, knee biomechanics, lower
extremity exoskeleton, parallel stiffness, quasi-passive mechanism,
variable stiffness.

I. INTRODUCTION

UNDERSTANDING how human locomotion and the
biomechanics of lower extremity joints are altered dur-

ing interaction with external engineered systems and changes
in the environment is of importance to several fields, includ-
ing orthotics and prosthetics [1]–[6], rehabilitation and physical
therapy [7]–[9], and fundamental physiology and biomechanics
[10]–[12]. Locomotor adaptation in the lower extremity joints
is typically studied by exposing the human (or relevant species)
lower limbs to externally applied mechanical impedances and
perturbations [13], externally added mass [14], [15], or to un-
even terrains in locomotion tasks [16], [17]. A common message
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Fig. 1. Knee complex is defined as the combination of the knee joint and
exoskeleton. This study investigates the interaction between human knee joint
and parallel stiffnesses externally applied by an exoskeleton.

from these research undertakings is that the human body can
adapt to external environmental changes to exhibit stable gait.

Compliance at the leg and joint level plays an essential role
in achieving stable gait and is implemented through stiffness
and quasi-stiffness modulation in lower extremities [18]–[22].
Dynamic and static stiffness of the lower extremity joints have
been characterized by researchers using external perturbation
in conjunction with statistical system-identification techniques
[13], [23], [24], static loading tests [25], and in vitro/in vivo
validation of muscle models and electromyography [26]–[28].
Researchers have also explored lower extremity function in re-
sponse to series stiffnesses and found that upon a change in the
surface stiffness, lower extremities adapt such that the overall
stiffness at the center of mass remains invariant [29], [30]. It is
unclear at this point, how the human body responds to external
mechanical impedances implemented in parallel.

Recently, there has been a growing interest in studying the
behavior of lower extremity joints in interaction with parallel
assistive systems. These studies could prove beneficial for the
development of exoskeletons meant for gait assistance with able-
bodied users [3], [31]–[36], rehabilitation orthoses meant for
physical therapy [37], [38], and assistive orthoses meant for gait
assistance to impaired users [39]–[41]. To this end, researchers
have exploited the potentials of robotic exoskeletons to study
human motor response to parallel perturbations/assistance to
the ankle [1], [3], [34], [42], knee [31], [32], and hip joint
[35], [38], [43].

In this study, we explore the interaction of the knee joint
with externally applied parallel stiffnesses using a pair of quasi-
passive robotic knee exoskeletons. The knee joint demonstrates
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Fig. 2. Top: The exoskeleton implements a high-stiffness spring in the weight
acceptance phase of the gait and a low-stiffness spring (with negligible stiffness)
throughout the rest of the gait cycle. Bottom: The exoskeleton implements four
levels of spring stiffness including 0%, 33%, 66%, and 100% of the estimated
knee quasi-stiffness.

several major functions in walking—it primarily supports the
weight of the body, absorbs the shock resulting from heel strike,
and flexes in the swing phase to increase foot clearance and
obstacle avoidance, allowing the leg to move forward and initiate
the next gait cycle [45]. Each exoskeleton implements a spring
in parallel with the knee joint during the stance phase and allows
free motion throughout the rest of the gait cycle. This concept is
schematically shown in Fig. 1. We chose to study the knee joint
because it demonstrates a simple spring-like behavior during the
stance phase of gait, which enables us to simply implement a
spring in parallel to investigate the knee interaction with external
stiffnesses [22], [44].

The human knee joint experiences three consecutive phases
in a gait cycle: 1) substantial loading in the weight accep-
tance phase (first ∼40%, as depicted in Fig. 2 points a to c),
2) moderate loading in the terminal stance (∼40%–63%, as
shown in Fig. 2 points c to d), and 3) a swing phase (points d to
e in Fig. 2) [22], [44]–[48]. It demonstrates a linear flexion stage
(points a to b in Fig. 2), and a linear extension stage (points b
to c in Fig. 2) in the weight acceptance phase of gait [22], [44].

The quasi-stiffness is defined as the coefficient of a first-
order polynomial regressed to the moment-angle data of a lower
extremity joint during a period of gait. Quasi-stiffness is used
to provide a simplified understanding of the overall behavior
of the lower extremity joints in the linear loading phases of
gait [20], [49]–[54]. Previous research showed that the knee
quasi-stiffness in the flexion and extension stages of the weight
acceptance phase tended to be identical at the preferred gait
speed implying that the knee behaves close to a linear torsional
spring at the preferred gait speed [22], [44]. Accordingly, we
model the moment-angle behavior of the knee joint during the

TABLE I
DEFINITION OF PARAMETERS IN WEIGHT ACCEPTANCE PHASE

Parameter Definition Normalized

Knee Joint Anatomical knee joint
Knee Complex Combination of knee joint and exoskeleton

(if the condition includes the exoskeleton)
KK (Nm/kg · rad) Knee joint quasi-stiffness KK

KC (Nm/kg · rad) Knee complex quasi-stiffness KC

KE (Nm/kg · rad) Exoskeleton stiffness KE

KP (Nm/kg · rad) Parallel stiffness (KE and KS in series) KP

MK (Nm/kg · rad) Knee joint loading effort MK

MC (Nm/kg · rad) Knee complex loading effort MC

ME (Nm/kg · rad) Exoskeleton parallel assistive ME

MP (Nm/kg · rad) Parallel assistive (equal to ME ) MP

KS (Nm/kg · rad) Interface series stiffness –
θK (rad) Knee joint excursion –
θC (rad) Knee complex excursion –
θE (rad) Exoskeleton excursion –
θS (rad) Interface series excursion –

weight acceptance phase at the preferred gait speed by a linear
torsional spring with a stiffness equal to the knee quasi-stiffness
(KK ). Table I lists the definition of all the parameters used
throughout this paper.

This paper focuses on investigating the interaction between
the human knee joint (characterized by a quasi-stiffness KK )
and a spring (with stiffness KP ) implemented in parallel with
the knee joint only during the weight acceptance phase. To this
end, several hypotheses were formulated and tested as follows.

1) It was hypothesized that the overall behavior of the knee
complex, which is the combination of the knee joint
and the exoskeleton, would remain linear. Therefore, the
knee complex behavior is expressed by the following two
equations:

KC = KK + KP (1)

and

MC = MK + MP . (2)

In these equations, KC is the knee complex quasi-
stiffness. The moment of the knee complex (MC ) is ex-
pressed as the summation of the knee joint moment (MK )
and parallel moment (MP ).

2) It was also hypothesized that the knee joint quasi-stiffness
and moment in the weight acceptance phase would change
in response to the presence of the parallel exoskeletal
stiffness and moment such that the overall quasi-stiffness
and moment of the knee complex would remain invariant
in response to parallel stiffnesses.

In other words, an increase in KP in (1) is negated by a
corresponding decrease in KK such that the overall knee
complex quasi-stiffness remains constant, namely

ΔKC = 0, therefore ΔKK = −ΔKP (3)

and similarly

ΔMC = 0, therefore ΔMK = −ΔMP . (4)
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Fig. 3. Left: A volunteer walking with the quasi-passive knee exoskeleton. The control unit is mounted on a belt, and wirelessly transfers the data to a host
computer. The exoskeleton and the controller are suspended with a harness from the shoulder. The exoskeleton is composed of a variable-stiffness module mounted
on an adjustable knee brace equipped with a potentiometer-pulley assembly. Right: A joint-less replica device that has a mass distribution similar to that of the
exoskeleton.

3) Finally, it was hypothesized that the mass and articulation
of an exoskeleton could affect the kinematic and kinetic
patterns of the knee joint.

To test these hypotheses, we used the quasi-passive exoskele-
tons in a series of experiments [see Fig. 3 (left)]. When using
the knee exoskeleton, four levels of external stiffness were im-
plemented in parallel with the knee joint, but only during the
stance phase. Furthermore, the effects of the mass and articula-
tion of the exoskeleton on the mechanical performance of the
lower extremity joints (especially the knee joint) were studied
using a pair of joint-less replicas of the exoskeleton with a mass
distribution that was similar to those of the exoskeletons [see
Fig. 3 (right)].

II. MATERIALS AND METHODS

A. Exoskeletal Devices

1) Quasi-Passive Knee Exoskeleton: When worn on a user,
the quasi-passive knee exoskeleton implements a spring in par-
allel with the knee joint in the weight acceptance phase of gait
and allows free motion during the terminal stance and the swing
phases, as shown in Fig. 3 (left) and detailed in [39]. The ex-
oskeleton mechanism includes two springs: a compliant spring
(with negligible stiffness KL ∼ 0; see Fig. 4) that remains
engaged throughout the gait cycle and an interchangeable high-
stiffness spring (with stiffness KH ) that is engaged only in
the weight acceptance phase of the gait cycle as schematically

shown in Fig. 2 (top). The primary function of the compli-
ant spring is to return the exoskeleton shaft to the original reset
position without applying considerable moment to the knee. The
overall mechanical behavior of this system is shown in Fig. 4
(left), where the moment-angle graph of the exoskeleton is plot-
ted over a typical moment-angle graph of human knee. The
engagement mechanism is detailed in our previously published
work [39].

The exoskeleton determines the engagement/disengagement
of the high-stiffness spring according to the status of an instru-
mented foot insole that has toe and heel force sensors, and the
angular knee joint velocity obtained as the readout derivative
(defined as the difference between the current and previous an-
gle) of a potentiometer incorporated in the exoskeleton joint.
The high-stiffness spring is engaged at the beginning of the
weight acceptance phase and disengaged when the foot is flat
(both the heel and toe are on the ground), which in combina-
tion with the mechanism mechanical latency, roughly coincides
with the end of the weight acceptance phase of the gait cycle.
Table III includes the average time at which the exoskeleton
spring was disengaged. It is worth noting that the spring was
engaged exactly at the beginning of the gait cycle, considering
that the mechanism engagement was initiated in the extension
period of the swing phase [39].

2) Moment-Angle Characterization of the Exoskeleton:
Fig. 4 (right) schematically illustrates the configuration of the
exoskeleton springs and latching mechanism, which suggests
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Fig. 4. Left: The moment-angle characterization of the exoskeleton. KH

is the constant of the high-stiffness spring, KL is the constant of the low-
stiffness spring, φo is the angle of engagement, M is the exoskeleton moment,
and ϕ is the exoskeleton angle. Right: Schematic model of the exoskeleton.
A clutch mechanism engages/disengages the high-stiffness spring, whereas the
low-stiffness springs (with negligible stiffness) remains engaged throughout the
gait cycle.

the following equation for the exoskeleton stiffness:

KE =

{
(KL + KH ) · r2 engaged

KL · r2 disengaged
(5)

and the following equation for the exoskeleton moment [39]:

ME =

{
KL · r2 · ϕ + KH · r2 · (ϕ − ϕo) engaged

KL · r2 · ϕ disengaged.

(6)
Here, r = 5 cm is the exoskeleton pulley radius, KL =

5 N ·m/rad is the constant of low-stiffness spring, ϕ is the knee
angle, and φo is the angle at which the high-stiffness spring is
engaged. The values of ϕ and φo and the engagement status of
the high-stiffness spring for both left and right exoskeletons are
continuously transferred to a host computer through the wireless
communication module of the exoskeletons.

One of the questions that the current study intends to address
is how the spring-type behavior of the human knee changes
when an externally applied parallel stiffness is assisting during
the stance phase. It is important to note that to ideally study this
problem, the exoskeletal spring should be rigidly implemented
between the femur and the tibia in the weight acceptance phase
of gait, which is highly challenging. In reality, the exoskeleton
spring interacts with the human leg through a series of compliant
interfaces including the soft biological tissues of the leg and the
cuffs and attachments of the exoskeletal devices, which are not
completely rigid. These compliant interfaces can lead to an
effective parallel stiffness that is different from the desired knee
quasi-stiffness. Therefore, to account for the possible effects,
the behavior of the interface was approximated by an additional
series spring (with stiffness KS ) between the exoskeleton spring
and the leg, as schematically shown in Fig. 5, and the overall
parallel stiffness perceived by the anatomical knee joint can be
estimated as

KP =
KE KS

KS + KE
. (7)

Fig. 5. Schematic model of the knee complex comprising the knee equivalent
spring (KK ), exoskeleton spring (KE ), and a spring that models the interface
materials (KS ) including the biological soft tissues of the leg and exoskeleton
compliant components. The assistance conditions included modulation of KE ,
whereas the intention of this study was to investigate the effect of parallel spring
on the spring-type behavior of the knee joint.

3) Exoskeleton Mass Replica: To investigate the effects of
the exoskeleton mass and inertia on the biomechanics of the
knee, we fabricated a joint-less replica of the exoskeleton for
each leg termed mass replicas. As shown in Fig. 3 (right), the
mass replicas are composed of thigh and shank embodiments
that comprise five identical steel cylinders assembled on a pair
of thigh and shank cuffs similar to those of the exoskeleton.
The mass, center of mass, and moment of inertia of the mass
replicas and exoskeletons are nearly identical. The mechanical
properties of the thigh and shank segments of the exoskeleton
were estimated in SolidWorks (Dassault Systèmes SolidWorks
Corp., Waltham, MA, USA) as reported in Table II.

B. Subjects

Nine healthy adult volunteers were recruited from US Army
Soldiers assigned to Headquarters, Research, and Development
Detachment of Natick Soldier System Center. Inclusion crite-
ria were a body height between 1.50 and 1.90 m and a body
weight less than 130 kg according to the size limitations of the
fabricated exoskeletons. Table III lists the demographics of the
volunteers, including the means and standard deviations (SD)
of mass, height, and age of each volunteer. Written informed
consent was obtained from each volunteer enrolled in this study
prior to participation. This study protocol was approved by the
Yale University Institutional Review Board, Human Use Re-
view Committee of United States Army Research Institute of
Environmental Medicine, Army Human Research Protections
Office, and Battelle Institutional Review Board in accordance
with DoD 3216.02, protection of human subjects. The exper-
imental conditions included walking on a custom-made force
plate treadmill (AMTI, Watertown, MA, USA). The treadmill
comprises two synchronized treadmill belts positioned side by
side, each on a separate force platform with a gap smaller than
1 cm. We used a ten-camera motion capture system (Qualysis,
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Gothenberg, Sweden) and Qualisys Track Manager Software
to track lower limb markers and calculate kinematic profiles at
1000-Hz frequency.

C. Experimental Conditions

The hypotheses were tested experimentally across the follow-
ing six experimental conditions of treadmill walking.

1) Control Condition (CTRL): Without wearing the ex-
oskeletons or mass replicas.

2) Exoskeleton Mass (MASS): Wearing the joint-less mass
replicas.

3) Exoskeleton Articulation (0%): Wearing the exoskeleton
unpowered with exoskeleton steel tendon detached.

4) –6) Exoskeleton Stiffness (33%, 66%, and 100%): Wear-
ing the exoskeleton with assistance spring stiffnesses
equivalent to 33%, 66%, and 100% of the quasi-stiffness
of the anatomical knee estimated during normal walking
at preferred gait speed.

To size the exoskeleton spring (KE ), we used a previously
developed statistical model to estimate anatomical knee quasi-
stiffness (KK ) in the weight acceptance phase of gait based on
the subject’s body size as [22]

KK = 5.21W
√

H3 − 7.50W
√

H − 5.83WH + 11.64W − 6
(8)

where W (kg) is the mass and H (m) is the height of the volun-
teer. This model has shown a 9% error of estimation and was
established on data from volunteers with a wide range of masses
(from 67.7 to 94.0 kg) and heights (from 1.43 to 1.86 m) [22].
Once the volunteer’s KK was estimated using (8), this value
was used for condition 6 and it was then scaled to 33% and 66%
for conditions 4 and 5, respectively. The values of gait speed,
the estimated subject’s quasi-stiffness, and the spring constants
of the high-stiffness springs used for each volunteer are reported
in Table III.

D. Experimental Protocol

The study volunteers had three visits in total, including two
orientation sessions and one data collection session. On all vis-
its, the participants wore shorts, t-shirts, socks, and their own
athletic shoes. The three visits took place within a single week
with one to two day(s) in between to provide rest and prevent any
fatigue that could affect the results. Volunteers’ mass and height
were measured on the first visit to estimate each volunteer’s
KK using (8), and size the KE for the assistance conditions
as described in the in the previous paragraph and reported in
Table III.

1) Orientation Sessions: Two orientation sessions were in-
cluded prior to the data collection session to allow the volunteers
to become familiar with walking, while wearing the exoskele-
tons. On the first visit, participants walked on the treadmill for
3 min at 4.83 km/h to become familiar with treadmill walk-
ing, after which they were given a 3–5-min rest break. Each
participant was then instructed to walk on the treadmill with
a speed that slowly increased from the zero-speed state up to
a self-selected comfortable pace. This pace was then used as
the preferred gait speed throughout the experiments. Next, the

TABLE II
MASS PROPERTIES OF THE EXOSKELETON

Side Segment Weight (kg) Ix x (kg ·m2) Iy y (kg ·m2) Iz z (kg ·m2)

Right Thigh 1.68 0.02370 0.02312 0.00211
Shank 0.77 0.00217 0.00249 0.00122

Left Thigh 1.81 0.02370 0.02312 0.00211
Shank 0.82 0.00217 0.00249 0.00122

exoskeleton was fitted on the volunteers, while seated, and the
alignment of the exoskeleton joint with the knee joint was en-
sured. In an effort to minimize the vertical migration of the
exoskeleton, suspension harness straps were also put on the vol-
unteer and fastened to the controller belt, which was strapped
around the chest and shoulders. Finally, the tension of the sus-
pension straps was adjusted as the volunteers slowly stood up.
The volunteers were asked to walk overground wearing the
exoskeletons and mass replicas for each of the experimental
conditions with the exception of the control condition. For each
condition, the subjects walked overground for about 640 m at
their own pace, covering a distance approximately equivalent
to the distance covered in 8 min of treadmill walking. A 5-min
seated rest break was given to the volunteers before they walked
on the treadmill in the same condition for 8 min at their preferred
gait speed. The order of the conditions for the first session was
ordered from condition 2 to condition 6, and not randomized
across volunteers.

The second orientation session included only treadmill walk-
ing trials of 10-min duration. The order of the six conditions
was randomized (using a 6 × 6 Latin squares design) for each
volunteer. The order of the conditions during each volunteer’s
second orientation session was the same as the order followed
during the volunteer’s data collection session (third and last
session). To summarize, volunteers walked a total of 18 min
on the treadmill and about 10 min overground for each experi-
mental condition during the first two orientation sessions to be-
come more familiar with walking while wearing the exoskeletal
device.

2) Data Collection Sessions: Reflective markers were
placed on body landmarks according to the convention described
in [55], with slight differences in that four-marker clusters were
placed on the shank and the thigh such that the exoskeleton cuffs
could fit on the limbs without blocking their visibility from the
ten cameras. Additionally, a four-marker cluster was placed on
the chest to track the trunk and pelvis as a single segment. Within
each trial, a 30-s long data recording was taken after 4 min from
the start of the trial. Additional details can be found elsewhere
[56].

E. Kinematic and Kinetic Analysis

Visual3D software (C-Motion, Gaithersburg, MD, USA) was
used to calculate the lower extremity joint angles and moment
profiles for all conditions. First, the moment of inertia of the
shank, thigh, and trunk segments of the models in Visual3D
were updated by including those of the exoskeleton and mass
replicas listed in Table II. These adjusted values included the
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Fig. 6. Intersubject mean angle profiles on top half and moment profiles on bottom half as indicated on the left side of the image. The title of each column refers
to the condition of interest (dashed trace) and the profile of the reference condition is shown with a solid trace. CTRL stands for normal walking (no exoskeleton),
MASS stands for the mass replica condition (no articulation), and 0% till 100% stand for walking conditions wearing the exoskeletal devices with level of assistance
indicated as % of the estimated human knee quasi-stiffness. The comparison is made between MASS and CTRL, 0% and MASS, 33% and 0%, 66% and 0%, and
100% and 0%. The thick lines indicate the intersubject mean profiles, and the thin lines boundaries are the ±1 SD around the mean. Within each box and for each
trace, the CV is reported between parentheses R2/scale of the regression comparison is also indicated for the comparison trace. The value of R2 indicates how
similar the profile patterns are, and the value of scale indicates how much the profiles are scaled. The values of R2/scale for the MASS condition are presented
with respect to CTRL condition, the 0% condition with respect to the MASS condition, whereas the 33%, 66%, and 100% assistance conditions are presented with
respect to 0%. On the bottom of each graph box, horizontal brackets are plotted to indicate the periods during which the two profiles are significantly different
from each other.

Fig. 7. Intersubject mean moment-angle graphs of the knee joint. The boxes include the graphs of CTRL and MASS, MASS and 0%, 0% and 33%, 0% and
66%, and 0% and 100%. The graphs also include linear fits to the moment-angle graphs of the weight acceptance phase.
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human limbs and exoskeleton components. Inverse dynamics
analysis was then performed to obtain the moment profiles of
the ankle and hip joints and knee complex in the sagittal plane
for the left and right side. The kinetic and kinematic intrasubject
profiles of the left side and right side were averaged to obtain the
final mean profiles. A third-order Butterworth filter with cutoff
frequency of 8 Hz was used to filter the kinetic and kinematic
profiles. The rest of the analyses were carried out in MATLAB
(Mathworks, Natick, MA, USA). The exoskeleton moment was
calculated using (6) and the angular data received from the
exoskeleton. To approximate the moment of the knee joint in
the sagittal plane, the synchronized moment of the exoskeleton
was subtracted from the moment of the knee complex assuming
that the axis of exoskeleton joint and knee joint were aligned.

F. Profiles Comparison Measures

The gait cycles were identified by the right heel strikes. Four
consecutive gait cycles for each trial were identified from the
force plate signals and complete marker data. We also verified
that the calculated intrasubject averages for the joint angle and
moment profiles from the four consecutive cycles were consis-
tent among all trials. Additionally, the intrasubject mean profiles
of the joint angles were normalized with respect to the standing
configuration and the moment profiles with respect to the body
mass [57]. The intersubject mean and SD of angle and moment
profiles were subsequently obtained from the corresponding in-
trasubject mean profiles. The intersubject mean moment and
angle profiles in the sagittal plane are plotted in Fig. 6. The
coefficient of variability (CV; described elsewhere [47]) was
calculated for each profile using the mean and SD profiles.

To compare and measure variability of the moment and angle
profiles, we performed a paired t-test between all 100 points of
the profiles of CTRL and MASS, MASS and 0%, 0% and 33%,
0% and 66%, and 0% and 100% conditions, which was also
verified by a false discovery rate control, as explained in [58].
The periods where the two profiles are statistically different
are identified by horizontal brackets in Fig. 6. The angle and
moment profiles of the conditions (similar pairs of conditions
used for the t-test) were compared using a linear regression
between the intersubject mean profiles in these two conditions,
as explained in [3]. The coefficient of determination (R2) value of
the regression indicates the degree of similarity of the patterns,
while the slope refers to the scaling factor. For example, a profile
identical to the baseline profile would have an R2 value and a
scale of 1; whereas, a downscaled profile (i.e., smaller range of
values) with identical pattern would have R2 = 1 and slope <
1. One should note that the scale is not very meaningful when
R2 is relatively low.

G. Moment-Angle Analysis

In previous sections, we explained the method to calculate
the knee complex’s joint angles and moments for conditions
3–6, which included the exoskeletons. Fig. 7 include the inter-
subject mean moment-angle plots across all the conditions with
linear fits to the weight acceptance phase. To obtain the quasi-
stiffness of the knee complex (KC ) and of the anatomical knee
joint (KK ), linear polynomials were, respectively, regressed on

Fig. 8. Intersubject moment-angle analysis of the knee complex, joint, and
exoskeleton in the sagittal plane. The first to fifth rows are, respectively, the
intersubject mean and ±1SD of knee complex quasi-stiffness, excursion, R2,
work, and loading efforts during the weight acceptance phase. The knee complex
joint is a virtual joint composed of the knee joint and exoskeleton joint. The
subscript C stands for the knee complex, K for the knee joint, and P for the
parallel component, which comprises the exoskeleton and soft tissues. The
subscript S stands for the series soft tissues and E for the exoskeleton. Note
that MK and MP are calculated as the integral of the moment profiles of the
knee joint and exoskeleton. Red lines indicate a statistically significant (p <
0.05) difference between adjacent conditions in the graphs, whereas dashed
lines indicate no statistically significant change.

the moment-angle data of the knee complex and knee joint in
the weight acceptance phase of the gait cycle (as illustrated in
Fig. 2). The slopes of the corresponding linear fits represent KC

and KK , and the R2 indicates the goodness of the fit representa-
tive of the linearity of the behavior of the knee complex and knee
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joint in the weight acceptance phase. KK was subtracted from
KC to calculate KP and (7) was used to calculate KS . We also
define θC as the excursion of the knee complex, θK the excur-
sion of the knee joint, θE the excursion of the exoskeleton, and
θS is the excursion of the interface. We subtracted the minimum
angle from maximum angle of the knee complex in the weight
acceptance phase to calculate θC or θK (Note that θC = θK ).
We similarly calculated θE by subtracting the minimum from
maximum angles of the exoskeleton in the weight acceptance
phase, and θS by subtracting θE from θC .

This study also aimed to investigate whether an external par-
allel spring can help to reduce the human knee joint moment
in the weight acceptance phase of gait and to what extent. To
address this question, the loading effort of the knee joint (MK )
and complex (MC ) were, respectively, defined as the integral of
the moment profiles of the knee joint and knee complex in the
weight acceptance phase. Parallel assistance (MP ) was defined
as the integral of the parallel/exoskeletal moment profile in the
weight acceptance phase of gait. These parameters allowed us to
investigate the overall effect of the exoskeleton assistance on the
reduction of the knee moment throughout the weight acceptance
phase of gait. Finally, the mechanical work of the knee joint in
the weight acceptance phase and the entire gait cycle were cal-
culated as the area enclosed in the moment-angle graphs of the
corresponding period. The aforementioned parameters are plot-
ted in Fig. 8. One should note that the knee complex and knee
joint were identical for CTRL and MASS conditions, due to the
lack of external exoskeleton joints or parallel stiffness in those
conditions.

To study the effect of exoskeleton mass and articulation,
a pairwise comparison was performed between the values of
quasi-stiffness (KC and KK ), excursion, R2, work, and loading
efforts of CTRL and MASS, and MASS and 0% conditions us-
ing t-test with a significance level of 0.05. To study the effect
of the externally applied parallel stiffness, a one-way ANOVA
was performed on the aforementioned parameters for conditions
0%, 33%, 66%, and 100% in addition to a post hoc t-test with
Bonferroni correction leading to a significance level of 0.008.
In Fig. 8, we have connected the values by thin dashed lines if
no statistically significant difference was found (i.e., invariant
behavior) and by red lines when the p-value indicated otherwise
(i.e., significant behavior change).

H. Knee Response to Parallel Stiffness

We investigated the locomotor response of the knee joint to
externally applied parallel stiffnesses in terms of variations of:
1) the quasi-stiffness of the knee joint and complex as functions
of the parallel stiffness, and 2) the loading efforts of the knee
joint and complex as functions of the parallel assistance. These
analyses included the gait cycle for the left and right legs across
only the assistance trials (namely conditions 3–6, which corre-
spond to 0% to 100% of the knee quasi-stiffness, respectively).

The values of quasi-stiffnesses and loading efforts were nor-
malized with respect to the intrasubject mean values for the 0%
condition. The normalized quasi-stiffnesses of the knee joint
(κK ) was obtained from KK values in conditions 3–6 (0%,
33%, 66%, and 100%) divided by the intrasubject mean of KK

in the 0% condition for the corresponding subject, which is
assumed as the baseline for that subject. The normalized quasi-
stiffnesses of the knee complex (κC ) were calculated in a similar
manner for each subject. It is worth noting that that KK = KC

in the 0% condition. The normalized parallel stiffness (κP ) was
also obtained by dividing KP by the intrasubject mean value of
KK in the 0% condition for each subject.

In a similar fashion, the normalized loading effort of the knee
joint (MK ) and complex (MC ) were obtained by, respectively,
dividing MK and MC by their intrasubject mean values in the
0% condition, and the normalized parallel assistance (MP ) by
dividing MP for each gait cycle by the intrasubject mean values
of MK in the 0% condition for each subject.

Finally, the normalized knee joint and complex quasi-
stiffnesses (κK and κC , respectively) were plotted with respect
to the normalized external parallel stiffness (κP ), and the nor-
malized loading efforts of the knee joint and complex (MK and
MC , respectively) with respect to the normalized exoskeleton
assistance (MP ) as shown in Fig. 9. The theoretical (3) and (4)
as well as the linear fits were also plotted on the corresponding
graphs to compare with the experimental values (see Fig. 9).

III. RESULTS

A. Kinematic and Kinetic Profiles

Fig. 6 includes the angle profiles on the top half and moment
profiles on the bottom half for the lower extremity joints in the
sagittal plane.

1) Effect of Mass: The values of R2 = 100% and scale =
0.99 to 1.07 for the angle profiles in Fig. 6 (graphs 1–3) show
that the exoskeleton mass did not notably change the overall
kinematic patterns of gait in the sagittal plane. However, the
exoskeleton mass resulted in a significantly more extended knee
in the terminal stance phase and more flexed knee at the heel
contact with the ground (note the dark gray stripes on graph 2),
which is in agreement with previous results [44]. The values of
R2 = 99% to 100% and scale = 1.05 to 1.11 for the moment
profiles in Fig. 6 (graphs 4–6) show that the exoskeleton mass did
not notably change the moment profiles patterns in the sagittal
plane but led to a slight overall upscale in the moment profiles.

2) Effect of Exoskeleton Articulation: The values of R2 =
99% and scale = 0.98 to 1.00 for the angle profiles in Fig. 6
(graphs 7–9) show that the kinematic constraint imposed by the
exoskeleton articulation did not notably affect the knee angle
patterns and profiles in the sagittal plane. However, the knee
joint was significantly more extended during the heel contact
and terminal stance phase (note the horizontal brackets on graph
8). The values of R2 = 98% to 99% and scale = 0.93 to 1 for
the moment profiles of the hip and ankle joints in Fig. 6 (graphs
10–12) show that the exoskeleton articulation does not notably
affect the moment patterns of the hip and ankle but led to an
overall downscale in the knee moment profile. Particularly, the
moment profile of the knee complex did not show a pattern
change (R2 = 98%), but showed a notable downscale (scale =
0.93) under the effect of the exoskeleton articulation.

3) Effect of Exoskeletal Stiffness: The values of R2 = 99%
to 100% for the ankle and hip angle and moment profiles for
conditions 33%, 66%, and 100% in Fig. 6 (graphs 13–30) show
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Fig. 9. Top: Normalized quasi-stiffness of the knee complex and joint with respect to the normalized parallel stiffness. Following a trend predicted by the
hypothesized equation for the knee stiffnesses (KC = KK + KP ), the knee joint quasi-stiffness decreases as the parallel stiffness increases up to ∼80% of the
knee quasi-stiffnesses. For parallel stiffnesses of more than ∼80%, the knee joint quasi-stiffness does not follow the hypothesized equation and remains relatively
constant leading to an increase in the knee complex quasi-stiffness. Bottom: Normalized loading effort of the knee complex and joint with respect to normalized
parallel assistance. The knee joint moment reduces as the parallel assistive moment increases, as predicted by the hypothesized equation for the joint moments
(MC = MK + MP ).

that the external assistance did not have a considerable effect on
the overall kinematic and kinetic patterns for those joints in the
sagittal plane. It is worth mentioning that the hip angle profile
started to deviate from the baseline at high exoskeletal stiffness
(note the horizontal brackets on graph 27). The angle and mo-
ment profiles of the knee complex exhibited invariant overall
patterns under the exoskeleton assistance (R2 = 98% to 99%),
with significant local variations in the angle profiles at the initial
stance and terminal swing phase (notice the horizontal brackets
on graphs 14, 20, and 26) and significant local variation in the
moment profile at the initial swing phase (note the horizontal
brackets on graphs 17, 23, and 29). A slight downscale in the
values of the angle profiles of the knee and hip in the sagittal
plane was observed, and an upscale in the values of the knee
and hip moments was observed in the sagittal plane.

B. Moment-Angle Performance of the Knee Complex

Fig. 8 shows the parameters that explain intersubject moment-
angle behavior of the knee in the weight acceptance phase of
gait. The first to third rows, respectively, include the quasi-
stiffness (KC and KK ), excursion, and R2 of the weight accep-
tance phase, the fourth row includes the mechanical work of
the weight acceptance phase and entire gait cycle, and the fifth
row includes the loading efforts of the weight acceptance phase.
The dashed lines illustrate the trends, while the solid lines in
red and the p-values indicate those values that are statistically
different from the baseline measure, according to the statistical
comparison explained in Section-II.

1) Quasi-Stiffness: The intersubject mean and SD of the
knee complex quasi-stiffness in the weight acceptance phase
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are shown in the first row of Fig. 8. The values of the knee
joint quasi-stiffness (KK ) and parallel stiffness (KP ) are also
reported using different colors in the bar graph [see Fig. 8 (top
row)]. A nonsignificant increase in KC was observed as a result
of the exoskeleton mass and as a result of the exoskeleton articu-
lations. KC remained invariant across the assistance conditions
(33%–100%). However, a significant (p < 0.008) decrease in the
knee joint quasi-stiffness (KK ) relative to the 0% condition was
observed for each level of exoskeletal assistance (33%, 66%,
and 100%).

Columns 7 and 8 of Table III report the measured and esti-
mated quasi-stiffnesses across the subjects, respectively. Com-
paring these two columns give us the average error of estimation
of our models as ∼33%. The first row of Fig. 8 also includes the
ratio of KE /KS , which in combination with the value of KP

and using (7), we can estimate KS . We skipped this analysis
because we calculated it in our previous work and it was outside
the scope of this paper [56].

2) Excursion: The intersubject mean and SD of the knee
joint excursion (θK ), exoskeleton excursion (θE ), and soft-tissue
excursion (θS ) in the weight acceptance phase are shown in the
second row of Fig. 8. A nonsignificant decrease in θK was
observed in MASS condition relative to CTRL condition and
a significant decrease for the knee excursion in 0% condition
relative to MASS condition (p < 0.05). The knee excursion
remained relatively constant across the different assistance con-
ditions. However, θE significantly decreased with exoskeleton
assistance (33%, 66%, and 100%) as compared to the 0% con-
dition (p < 0.008).

3) Linearity of the Knee Behavior: The intersubject mean
and SD of the R2 values for the linear fits to the moment-
angle graphs of the knee complex and knee joint in the weight
acceptance phase are shown in the third row of Fig. 8. There was
no significant change in R2 values for the knee complex across
all of the conditions implying that the overall behavior of the
knee complex remained linear. However, a significant reduction
(p < 0.008) in R2 values was observed for the knee joint across
the assistance conditions (33%, 66%, and 100%) relative to the
0% condition.

4) Mechanical Work: The intersubject mean and SD of the
knee joint mechanical work in the weight acceptance (WA)
phase and throughout the entire gait cycle (Total) are shown
in the fourth row of Fig. 8. No significant changes in the
mechanical work of the knee joint in the weight acceptance
phase and throughout the gait cycle were observed; except a
significant increase (p < 0.05) in the entire gait cycle work
was observed for the 0% condition as compared to the MASS
condition.

5) Loading Effort: The intersubject mean and SD of the
loading efforts (integral of the moment profile) of the knee joint
and complex as well as the exoskeleton assistance are shown
in the fifth row of Fig. 8. A significant (p < 0.008) decrease
in the loading effort of the knee joint was observed with the
exoskeletal assistance conditions (conditions 4–6) as compared
to the 0% condition (condition 3). The values of MC (equal
to MK + MP ) do not exhibit a significant change across the
conditions.

C. Changes in Knee Moment and Quasi-Stiffness

Fig. 9 (top) shows the graph of the normalized quasi-stiffness
of the knee joint and complex (κK and κC , respectively) against
the normalized parallel stiffness (κP ). Fig. 9 (bottom) shows
the graph of normalized loading effort of the knee joint and
complex (MK and MC , respectively) against the normalized
parallel assistance (MP ).

As seen in Fig. 9, the theoretical models are in close agree-
ment with the trends of the experimental values of κK and κC .
Starting at around κP =∼0.8, however, the experimental values
start to deviate from the theoretical models. In particular, κK

tends to remain relatively constant and κC tends to increase. The
cutoff value of κP = ∼0.8 was determined by visual inspection
and not from the data, because the values of κP do not span a
wide enough range to apply statistical methods to quantitatively
find the cutoff quasi-stiffness. In contrast, the experimental val-
ues of MK and MC appear to follow the theoretical models
throughout the range of experimental values of MP .

The theoretical models explained by (3) and (4) are also plot-
ted on each graph (dashed lines) of Fig. 9. Linear polynomials
were regressed to the quasi-stiffness and loading effort data with
the 95% confidence intervals, as shown in Fig. 9. According to
these fits, there is a slight but significant difference between the
model [described by (3) and (4)] and the experimental values of
the quasi-stiffness and loading effort, with (4) matching more
closely the experimental loading effort data. Fig. 9 only includes
the gait cycle data for the exoskeletal assistance conditions (0%
to 100%).

IV. DISCUSSION

In this paper, we experimentally studied the motor response
and biomechanical changes in lower extremity joints to external
stiffness applied in parallel with the knee joint. The external
stiffness was applied only during the weight acceptance phase
of gait, in which the knee behaves close to a linear torsional
spring. The experimental results revealed that the lower ex-
tremity joints undergo substantial motor changes in response to
parallel stiffness, while the kinematic and kinetic patterns re-
main invariant. The exoskeleton mass did not impose notable
disturbance on the moment and angle patterns but resulted in
an overall higher range of joint moments. The exoskeleton ar-
ticulation was found to impose negligible kinematic and kinetic
constraints on the overall angle and moment patterns implying
that a simple uniaxial hinge joint can be a viable design choice
for knee exoskeletons. The exoskeleton mass, articulation, and
stiffness were mostly found to locally affect the knee joint mo-
ment and angle profiles around the initial and terminal stance as
well as the terminal swing phase.

A detailed analysis of the moment angle of the knee joint in
the weight acceptance phase revealed that the knee joint quasi-
stiffness changes in response to an externally applied stiffness
such that the overall quasi-stiffness of the complex of the knee
joint and exoskeleton remains invariant; the same behavior was
observed for the knee joint and knee complex moments. How-
ever, the exoskeleton mass and articulation does not affect the
knee joint quasi-stiffness and loading effort. Moreover, the ex-
oskeleton assistance affected the linearity of the moment-angle
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TABLE III
DEMOGRAPHIC DATA OF THE PARTICIPANTS AS WELL AS THE STIFFNESS OF THE EXOSKELETON SPRINGS AND TIMING OF DISENGAGEMENT

Preferred 33% 66% 100%
Gait Measured Estimated Exoskeleton Disengagement Exoskeleton Disengagement Exoskeleton Disengagement

Height Mass Speed Quasi-Stiffness Quasi-Stiffness Stiffness Time Stiffness Time Stiffness Time
No. Gender Age (m) (kg) (m/s) (Nm/rad) (Nm/rad) (Nm/rad) (%Stride) (Nm/rad) (%Stride) (Nm/rad) (%Stride)

1 F 24 1.70 79.9 1.43 258 274 92 40 174 35 239 36
2 M 24 1.69 78.5 1.39 257 267 89 41 174 30 239 31
3 M 26 1.83 68.0 1.21 117 247 81 26 160 29 239 29
4 M 23 1.68 71.0 1.12 156 240 81 29 160 29 239 31
5 M 29 1.77 66.7 1.21 149 235 81 36 160 37 239 36
6 M 18 1.80 68.0 1.43 143 243 82 34 166 28 239 36
7 M 22 1.76 67.0 1.03 110 235 81 21 160 21 239 20
8 M 21 1.89 103.8 1.34 318 393 128 35 239 36 328 32
9 M 22 1.73 86.0 1.30 321 299 103 27 203 31 328 30

Mean 23.2 1.76 76.5 1.27 203 270 91 32 177 30 259 31
SD 3.1 0.1 12.3 0.14 85 51 16 6 27 4 39 5

behavior of the knee joint as suggested by the significant re-
duction of the R2 values of the linear fits to the moment-angle
data of the knee joint in the weight acceptance phase decreased
as the exoskeleton assistance increased. On the contrary, the
overall moment-angle behavior of the knee complex remained
linear with R2 values abiding near 1 in all experimental con-
ditions. This finding suggests that humans regulate their lower
limb biomechanics so that they experience an overall linear be-
havior at the knee joint during the weight acceptance phase,
which could be associated with higher rates of energy recovery
[22], [44]. The exoskeleton stiffness did not have a significant
effect on the mechanical work of the knee joint in the weight
acceptance phase implying that the assistance provided by the
exoskeletal stiffness did not require additional mechanical work.

The analysis of the knee joint quasi-stiffness response to par-
allel stiffness showed that the knee joint exhibits smaller quasi-
stiffness in the presence of a parallel stiffness such that the
overall quasi-stiffness remains invariant. The knee joint quasi-
stiffness progressively changed in response to increasing par-
allel stiffness, but saturated when the parallel stiffness reached
approximately ∼80% of natural knee quasi-stiffness. After this
approximate value, the knee joint quasi-stiffness remained rela-
tively constant, and any further increase in the parallel stiffness
caused an increase in the overall knee complex quasi-stiffness.
Furthermore, it was observed that the loading effort of the knee
joint showed a significant reduction in response to parallel assis-
tance suggesting that the knee joint can fully accommodate for
the external assistance. We should point out that the exact value
of the saturation quasi-stiffness was not quantitatively obtained
due to the limited range of parallel stiffnesses tested.

The saturation of the quasi-stiffness behavior could be at-
tributable to the existence of biarticular muscles leading us to
speculate that the exoskeletal assistance can only unload the
monoarticular muscles to avoid any alteration in the behavior of
neighboring joints spanned by the biarticular. Future research
is needed to investigate this hypothesis through analysis of the
EMG signals of monoarticular and biarticular muscles.

The findings from this experimental work can give an in-
sight to the design of exoskeletons/orthoses for lower extremity
joints (specifically the knee joint). Replication of the moment-
angle behavior of the lower extremity joints by an exoskeletal

device can be a viable strategy to assist and unload this joint.
The compliance of the biological soft tissues of the leg as well
as the interface components of the exoskeleton can neutralize
the assistance of the exoskeletons. This is especially true for
exoskeletons attached to the thighs, due to the large amount of
soft tissue located at those segments. Therefore, the design of
exoskeletons should minimize the effect of the soft tissues with
additional considerations such as larger pads and more carefully
chosen strap locations. Moreover, the control algorithm of the
exoskeletons should not solely rely on the angular movement of
the exoskeleton that could be disturbed by the excursion of the
soft tissues.

The exoskeleton uniaxial joint did not substantially perturb
the gait patterns implying that a uniaxial joint can be a suitable
choice in the design of knee exoskeletons. The kinematic con-
straints imposed by the exoskeleton joint resulted in a slightly
more flexed knee at the heel strike, which could be a result of
limited range of motion of the exoskeleton joints (as fabrication
imperfection), as it was reported by the participants about the
left exoskeleton. In another study, we found that the exoskele-
ton mass is the main contributor to the increase in the metabolic
cost of walking [59]. Here, we found that the exoskeleton mass
caused an upscale in the range of joint moments suggesting that
minimization of the exoskeleton mass should be a main goal
in the design of exoskeletons. The knee joint complex behaved
linearly under all six conditions implying that the human body
prefers to experience a linear behavior at the knee complex.
This preferred linear behavior may be related to the energet-
ics of gait, the damping function of the knee, or the preferred
gait speed [44], [60]–[62]. Regardless of the reason, a knee ex-
oskeleton ideally should demonstrate a linear behavior in the
weight acceptance phase of gait as shown here.

This study necessitated several assumptions. The reflective
markers of this study were mounted on the skin of the vol-
unteer; hence, the kinematic profiles of the knee complex and
anatomical joint are assumed to be identical. The exoskeleton
was suspended from the shoulders using a pair of suspension
harnesses to limit the vertical migration of the exoskeleton.
These suspension straps may have caused confounding factors
in the results and affected the kinetic and kinematic behavior of
the joints.
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To carry out the inverse dynamics analysis, several assump-
tions were made. The knee joint and exoskeleton were consid-
ered one single joint. Despite the independence of the inverse
dynamics analysis of the morphology of the joints, this assump-
tion can have nuisance effects on the joint center estimations and
the calculations of the kinetic profiles. The exoskeleton moment
of inertia and center of mass were obtained from a computer-
aided design model of the exoskeleton and exoskeleton replica,
which ignores the effect of small movements of the exoskeleton
with respect to the limbs and slight differences between the ac-
tual device and the computer models. Furthermore, it should be
noted that as the exoskeletal stiffness increased the knee joint
behavior became less linear (lower R2 values, Fig. 8), which
could make the calculations of the knee joint quasi-stiffness
less accurate and the linear models of (3) and (4) less accurate.

The knee joint levels of quasi-stiffness in the 33%, 66%, and
100% conditions were estimated using a previously developed
statistical model, because a priori knowledge of the natural
knee quasi-stiffness of each volunteer was not available [22],
[39]. The estimation models were developed in previous studies
for design of lower extremity orthoses and prostheses [20]–
[22]. Table III lists the knee quasi-stiffness of each volunteer
for the CTRL condition as calculated using the moment-angle
data, which shows that the values estimated using the models
are different from the experimental values. This inaccuracy was
addressed by normalizing the quasi-stiffness of each assistance
level (0%, 33%, 66%, and 100%) by the natural knee stiffness
measured during the 0% condition for each volunteer in the
analysis of motor response presented in Fig. 9. One can see that
some data points have normalized parallel stiffness of ∼150%,
which is the result of the error in the initial estimation of the
knee quasi-stiffness.

Another limitation of this study is the method of estimation of
the exoskeleton moment. Currently, we calculate the exoskele-
ton moment by multiplying the stiffness of the exoskeleton by
the flexion of the exoskeleton using (6), rather than through in-
strumentation of the device. We chose not to include load cell in
the exoskeleton to minimize the exoskeleton mass, and to min-
imize the number of wires attached to the subjects during the
experiment. Ideally, we would have incorporated a force measur-
ing device to directly measure the moment of the exoskeleton. In
previous studies, we characterized the moment-angle behavior
of the exoskeletons [56], [63].

To study the changes in the knee joint moment, we examined
the correlation between the loading effort, which is the summa-
tion of the knee joint moments and knee complex moments dur-
ing the weight acceptance phase and parallel assistance, which
is the summation of the exoskeleton moments during the weight
acceptance phase. Alternatively, we could have investigated the
maximum moment of the knee joint and complex in the weight
acceptance phase. However, for some of the trials, we observed
that the exoskeleton springs disengaged before the end of the
weight acceptance phase (as detailed in Table III) depending
on the gait patterns and timing of the toe and heel contact with
the ground. Therefore, using the maximum moment of the knee
joint and complex would not have given a complete picture of
the effect of the exoskeleton assistance on the knee joint loading
effort throughout the weight acceptance phase.

As future steps for this research, we intend to investigate the
EMG activities of the muscles adjacent to the knee joint and
analyze the performance of both monoarticular and biarticular
muscles in interaction with the exoskeleton. We also intend to
analyze the behavior of the adjacent joints (i.e., ankle and hip)
under the effect of assistance to the knee joint to examine the
locality of the external stiffness effects. Finally, we intend to
investigate the effect of the exoskeleton on the metabolic cost
of locomotion [59].

V. CONCLUSION

In this study, we found that a spring in parallel with the knee
joint can help to unload the knee joint during the stance phase.
We also found that the knee joint can accommodate a parallel
spring with a wide range of stiffness up to ∼80% of the natural
knee quasi-stiffness, after which the parallel spring still provides
assistance but the knee complex stiffness increases above the
normal rate. This finding also supports the assumption that the
knee joint can be theoretically modeled by a linear torsional
spring in the weight acceptance phase of gait. We also found that
a uniaxial joint is a viable design choice for a knee exoskeleton.
The exoskeleton mass was found to be the major contributor to
the increase in the joint moments implying that future design
efforts should focus on mass minimization.
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