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Biological Joint Loading and Exoskeleton Design
Roberto Leo Medrano, Elliott J. Rouse, Gray Cortright Thomas

Abstract—While assistive exoskeletons typically focus on the
metric of metabolic cost, we hypothesize that exoskeletons of
sufficient power density could also reduce knee joint loading,
which is understood to be a risk factor for osteoarthritis. Using
biomechanical locomotion data, we run a simple simulation of
two types of exoskeletons: those that provide a parallel load-path
to ground, and those that apply torque directly to the human
knee joint. We find that the second type offers larger reductions
at normal walking speeds and that the power density required
for knee load reduction is much lower than for metabolic cost
reduction.

Index Terms—osteoarthritis, exoskeletons, wearable robots,
knee joint, locomotion, internal forces

I. INTRODUCTION

Assistive lower-body exoskeletons have been used to aug-
ment performance, but they could potentially protect against
injury as well. These exoskeletons have the potential to reduce
mechanical loading on the wearer’s biological joints—a use
case that could benefit those at risk of osteoarthritis (OA).
Pain resulting from OA presents an obstacle to activities of
daily living, and OA is a leading cause of chronic disability
in older people [1]. Age and obesity act as major risk factors
for the development of knee OA [2]. Additionally, athletes,
first responders and members of the armed forces experience
significantly higher rates of knee OA than equivalent control
groups [3]. Although the exact etiology for knee OA is
still unclear, it is generally agreed that increased or unusual
mechanical loading due to obesity, occupational activities, or
participation in impact sports plays an important role in the
development and progression of knee OA [4].

Many exoskeletons today are designed to reduce the
metabolic rate during locomotion [5]. This metric has been
embraced by the field as its standard for success for how
well the exoskeleton is assisting the wearer. Designs that are
carefully engineered for high power density have achieved
reductions on the order to 10% [6].

Some exoskeletons are potentially able to reduce knee
loading by offering a parallel load path to ground, thereby
offloading part of the mass of the load from the wearer [7]. A
more nuanced benefit can also be conferred by applying torque
assistance to the wearer’s knee joint, as this can indirectly
reduce muscle activation, and thus joint loading, due to re-
duced muscle force (shown as Fm in Fig. 1). Researchers have
already noted that reduction of joint load is a potential benefit
of providing assistive joint torque [8]–[10]. However, to our
knowledge, a quantitative investigation into how exoskeleton
design affects knee joint loading has yet to be explored.

In this paper we provide simulation-based evidence in
support of the hypotheses that 1) exoskeletons can expect
to achieve total joint load reduction at various locomotion
speeds and 2) the power density required to reduce total joint
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Fig. 1. Components Involved in Joint Loading—The total compression load
on the joint, Fc, is the sum of the joint reaction force, Fj , and the muscular
force, Fm, which is necessary to produce a torque about the human’s joint.
This second term, Fm, is typically larger than Fj , as indicated by the arrow
scales.

load is less than that required to reduce the metabolic rate of
the wearer. Our analysis includes two different exoskeleton
architectures and quantifies their ability to attenuate knee
forces during locomotion at different regimes of walking speed
and exoskeleton power. Our model predicts that exoskeletons
could reduce knee loading even with lower (i.e. worse) power
densities than are demonstrated in modern systems designed
to reduce the metabolic rate of the wearer. High power density
increases design costs for exoskeletons, so a lower requirement
could ultimately lead to higher rates of adoption.

II. MODELING

A. Biomechanical Model

We consider a simple mathematical model that describes
how exoskeletons influence the magnitude of knee loads when
they apply a scaled version of biological human torques. The
model features a 75 kg (Mh) human undergoing payload
carriage of a 34 kg load (Mp), at speeds ranging from 0.5
to 5 m/s.

The total contact force (Fc) on the knee is the sum of
two forces: the net joint reaction force, Fj , resulting from
the ground reaction force (GRF) and the net muscular force,
Fm, resulting from the leg muscles generating a moment via
musculotendon tension that loads the joint (Fig. 1). To obtain
Fm from the knee torque, we assumed a constant moment
arm about the knee of 0.03 meters [11]. We assume no co-
activation of agonist-antagonist muscles spanning the knee
joint, which would add additional loading not considered by
our model. This assumption is supported by the limited co-
activation observed in human subject experiments [12]. For
loaded walking, we found that our simple model predicts peak
joint loads within one standard deviation of the estimates in
[11], [13], which use more complex models with individual
muscle forces.

B. Model Data

To calculate the load on the knee joint at different speeds,
we gathered published gait profile data to estimate the un-
loaded joint reaction force Fj,u and unloaded muscular force
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Fm,u throughout the gait-cycle across different speeds [14]–
[16]. The profiles for Fm,u were determined by dividing the
absolute value of net knee joint torques [14], [15] by our con-
stant moment arm. The profiles for Fj,u were calculated in one
of two ways: for walking speeds, we used joint reaction force
data directly from [15], while for running speeds, we used the
GRF data from [16], which can be used to approximate the
joint reaction forces [17]. We used this approach because direct
data for Fj,u was available for walking speeds but unavailable
for running speeds, which necessitated this assumption and
the use of readily available GRF data. Using these profiles, we
interpolated a surface depicting the gait-cycle over a fine array
of speeds between 0.5 and 5 m/s, featuring walking locomotion
between 0.5 and 2 m/s, running locomotion between 2 and
5 m/s, and a discontinuity between the two forms at 2 m/s.
Additionally, we obtained the average positive joint power for
the knee joint (Pu,knee) and for the sum of the knee, hip, and
ankle joints (Pu,total) across these different speeds, for later
use in calculating exoskeleton mass [18].

To model the effects of increased borne mass from the
exoskeleton and payload at a given speed, we scaled the
corresponding Fj,u and Fm,u profiles for that speed by the
ratio of that additional mass to the human mass. This yielded
the muscle loading forces Fm,l and reaction forces Fj,l that
represent loaded walking; these forces can be reduced through
the action of the exoskeleton. Additionally, we assumed that
the human’s lower-limb kinematics depended only on speed
and not on mass, as kinematics vary little with payload carriage
[19]. This allowed us to model torque, and thus force, as
directly proportional to power.

C. Exoskeleton Model

We identified two exoskeleton architectures that show the
potential to mitigate knee forces during loaded walking: pure-
torque exoskeletons, which apply assistance as pure torques
about the joint of interest [6], [10], [20], [21], and parallel
exoskeletons, which offload the forces of the payload to the
ground through a parallel structure [22]–[26]. Our pure-torque
exoskeleton model actuates solely the two knee joints in the
sagittal plane, while our parallel model actuates six sagittal
plane lower-body joints: hip, knee, and ankle for both legs. We
discarded an alternative soft exosuit architecture that provides
torque through artificial tendons, as these tendons also load the
joint, resulting in a negligible benefit to joint loads relative to
the pure-torque architecture.

We modelled the exoskeleton controller as providing a
scaled version of the biological joint torques of an unladen
human walking at the same speed, irrespective of the payload.
We call this scale factor the exoskeleton power fraction α, as
the same scaling that applies to unladen joint torque applies
to the unladen human joint power Pu in determining the ex-
oskeleton’s power requirements. For the parallel architecture,
Pu was equal to the sum of the average positive power needed
by the ankle, knee, and hip joints to rotate in the sagittal plane
(Pu,total); for the pure-torque single-joint knee exoskeletons,
only the knee joint positive power was included (Pu,knee).
We then modelled the exoskeleton mass (Me) as proportional

to αPu using a constant η (kg/W) equal to the inverse of the
power-density of the exoskeleton, which was obtained from the
best-in-class literature [6], [26]. Lower inverse power densities
are beneficial because they require less device mass to provide
powered assistance to the wearer.

The mass model is thus given by the following equations:

Me =

{
ηαPu,total for parallel, and
ηαPu,knee for pure-torque single-joint

(1)

η =

{
0.22 for parallel, and
0.17 for pure-torque single-joint

(2)

The torque provided by both architectures is subtracted from
the total torque needed to perform the task thus reducing the
torque needed from the human and lowering the musculoten-
don forces loading the knee joint Fm,l. The parallel archi-
tecture additionally reduces joint reaction force Fj,l because
it applies its assistance through the parallel structure. This
exoskeleton model is given by the following equations:

Fm,l =

(
Mh +Mp +Me

Mh
− α

)
Fm,u, (3)

Fj,l =


(

Mh+Mp+Me

Mh
− α

)
Fj,u for parallel, and(

Mh+Mp+Me

Mh

)
Fj,u for pure-torque,

(4)

Fc = Fm,l + Fj,l. (5)

Over a grid of locomotion tasks parametrized by speed and
α for each exoskeleton architecture, we obtained the peak knee
load for each task by taking the maximum of the Fc profile
for that task. We then normalized these loads by the loads
experienced during the corresponding locomotion task without
any exoskeleton assistance. Performing this procedure for both
exoskeleton architectures yields two surfaces that represent
the maximum normalized load on the knee for all locomotion
regimes. To prevent unrealistically large exoskeleton masses,
we filtered these surfaces to include only exoskeletons that
were within a mass threshold. By combining these surfaces—
selecting the architecture at each combination that produced
the lowest knee load—we obtained an overall surface that
shows the optimal load-reducing exoskeleton architecture at
each regime of locomotion.

We also investigated the hypothesis that knee load reduction
is more easily achieved, when compared to metabolic cost
reduction. We compared the impact of exoskeleton assistance
from a pure-torque single-joint knee exoskeleton over a grid of
combinations of inverse power densities (η) and exoskeleton
power fractions (α). For each peak joint load in this grid,
we subtracted the peak joint load experienced during the
reference condition of unassisted walking at 1 m/s with a 34-
kg payload, and divided by this unassisted load to express
the assisted peak load as a normalized change in loading.
To enable direct comparison with the metabolic cost metric,
we used the Augmentation Factor [27] to predict the change
in metabolic cost due to assistance from a single-joint ankle
exoskeleton, a common architecture choice for cost reduction,
over the same grid of inverse power densities and exoskeleton
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Fig. 2. Fraction of knee joint load remaining due to simulated exoskeleton
use in locomotion with a 34-kg backpack. Regions (a) and (c) denote optimal
use of parallel and pure-torque architectures respectively and are divided
along the boundary (b). Boundary (d) separates walking from running gaits,
boundary (e) marks a threshold on exoskeleton mass (1/3 the total system
weight) that filters out unrealistically heavy exoskeletons, and boundary (f)
marks the highest speed at which a pure-torque exoskeleton is capable of
reducing knee loads. Both (e) and (f) are sensitive to power density, and (b)
is related to the relative power densities of the two architectures.

powers. We again normalized the change in metabolism using
unassisted walking at 1 m/s with a 34-kg payload [28].

III. RESULTS

The two exoskeleton architectures—pure-torque and
parallel–are expected to reduce knee loads below the
unassisted case, denoted by the presence of normalized loads
less than unity (Fig. 2). The combined surface, with isolines
for clarity, represents the exoskeleton architecture that results
in the lowest knee loads at each locomotion regime. The
single-joint pure-torque exoskeleton dominates this combined
surface (2-c) and is therefore the optimal choice for knee
load reduction for most regimes. However, there exists a
small but notable region at low speeds (2-a) in which parallel
exoskeletons are the optimal choice.

The pure-torque region is bounded in α by the mass
limitation (2-e). On the other hand, the intersection of the
parallel and pure-torque regions (2-b) is determined by the
relative advantages and disadvantages of each architecture,
and how these facets change with speed. At around 4.7
m/s, the normalized load surface begins exceeding 1 (2-f),
which denotes the point at which the pure-torque exoskeleton
architecture can no longer aid the user in terms of knee load
reduction, which is also fundamentally limited by the power-
density of the architecture.

The hypothesis that joint load reduction is more readily
achieved, when compared to metabolic cost reduction was
supported (Fig. 3). Isolines with negative value represent a
beneficial reduction from reference, whereas positive isolines
denote a detrimental increase. At high exoskeleton power

fractions, an inverse power density comparable to the state-of-
the-art (≈0.17 kg/W) [6], and previously examined locomotion
speeds (≈1 m/s), pure-torque single-joint exoskeletons are
expected to reduce knee loads by 30%. The pure-torque
architecture may even capable of reducing knee loads for
high inverse power densities, whereas at a critical η value
(≈0.24), the modelled pure-torque ankle exoskeleton is no
longer capable of providing any metabolic benefit.

IV. DISCUSSION

Pure-torque single-joint exoskeletons are capable of reduc-
ing joint loads over the largest range of speeds and power
fractions due to their comparatively lower inverse power-
density resulting in less device mass per unit power. The
parallel exoskeletons, despite theoretically providing greater
reduction of knee loads via weight offloading, suffer from a
dramatic increase in mass at high speeds due to their higher
inverse power-density, coupled with the higher power required
to actuate all lower limb joints. More device mass is needed
to deliver the same power during locomotion, which increases
the total joint load at the knee and quickly penalizes parallel
exoskeletons at higher speeds.

Single-joint pure-torque knee exoskeletons can still reduce
knee joint loading even with inverse power densities that
prohibit reduction of metabolic cost (>≈0.24 kg/W). The
isolines for joint load reduction in Fig. 3a are relatively
flat, demonstrating that the capacity for these devices to
reduce joint loads is insensitive to power density. Strict power
density requirements necessitate expensive materials and time-
intensive design processes, and are therefore disadvantageous.
Our model predicts that lower power densities can still render
benefit to the user in terms of knee loading. And on this basis
we hypothesize that less expensive exoskeletons with lower
power densities can still provide a tangible benefit to wearers
in the form of reducing knee loading, which may help prevent
long-term debilitating diseases such as knee OA.

However, a practical question remains: will an exoskeleton
designed to prevent OA by reducing joint loading inadvertently
increase co-contraction and thereby reduce its efficacy? Our
analysis neglected co-contraction; however, co-contraction has
the potential to directly increase joint loading as agonist-
antagonist muscle pairs simultaneously load the joint. If, in the
implementation of an exoskeleton for joint load reduction, the
human were to stiffen their joints—due to human uncertainty
or discomfort—the total loading on the joint would increase
and potentially outweigh the benefits of the device. Conversely,
if the device causes biomechanical adaptations that reduce co-
contraction, the exoskeleton could have a larger influence than
we predict, especially with greater co-contraction observed
during running [29].

Our analysis implicitly assumed that the exoskeleton pro-
vided torque in a profile similar to the biological torque needed
during locomotion. Much effort has been spent optimizing
exoskeleton torque profiles that reduce the metabolic rate of
their wearers. Analogously, future work can determine optimal
profiles that reduce knee loading, which may resemble pulses
that actuate only when the total force at the knee exceeds
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Fig. 3. Effect of power density on change in joint loads and metabolic cost for pure-torque single-joint exoskeleton architecture, normalized by
the reference condition of walking with a 34-kg payload at 1 m/s—a) Change in knee joint loads from reference, normalized by the knee loads of the
reference b) Change in metabolic cost from reference, normalized by the metabolic cost of the reference.

some threshold. This could further reduce the average power
consumed by the exoskeleton, and thus its mass, while still
protecting its wearer from knee loads.
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