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A multidirectional gravity-assist algorithm that
enhances locomotor control in patients with stroke or
spinal cord injury
Jean-Baptiste Mignardot,1,2* Camille G. Le Goff,1,2* Rubia van den Brand,1,2*
Marco Capogrosso,1,2 Nicolas Fumeaux,1 Heike Vallery,3 Selin Anil,1 Jessica Lanini,4

Isabelle Fodor,5 Grégoire Eberle,5 Auke Ijspeert,4 Brigitte Schurch,6 Armin Curt,7 Stefano Carda,2,5

Jocelyne Bloch,2,8† Joachim von Zitzewitz,1† Grégoire Courtine1,8†‡

Gait recovery after neurological disorders requires remastering the interplay between body mechanics and gravita-
tional forces. Despite the importance of gravity-dependent gait interactions and active participation for promoting
this learning, these essential components of gait rehabilitation have received comparatively little attention. To ad-
dress these issues, we developed an adaptive algorithm that personalizes multidirectional forces applied to the
trunk based on patient-specific motor deficits. Implementation of this algorithm in a robotic interface reestablished
gait dynamics during highly participative locomotion within a large and safe environment. This multidirectional
gravity-assist enabled natural walking in nonambulatory individuals with spinal cord injury or stroke and enhanced
skilled locomotor control in the less-impaired subjects. A 1-hour training session with multidirectional gravity-assist
improved locomotor performance tested without robotic assistance immediately after training, whereas walking the
same distance on a treadmill did not ameliorate gait. These results highlight the importance of precise trunk support
to deliver gait rehabilitation protocols and establish a practical framework to apply these concepts in clinical routine.
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INTRODUCTION
Terrestrial locomotion is inherently contingent on gravity (1). Although
gravity challenges equilibrium at each step, the gravitational forces
acting upon body mechanics enable the generation of ground reaction
forces (GRFs) that propel the body forward (2, 3). The bipedal posture
of humans exacerbates the beneficial impact of gravity on gait dynamics
(3–7). The elevated center of mass (CoM) allows the human body to
vault up and over the stance leg analogous to an inverted pendulum (6),
whereas the contralateral leg performs a near-ballistic oscillation (8).

The apparent simplicity of the inverted pendulum-like gait behav-
ior conceals sophisticated neurological control mechanisms (9, 10),
which require several years of neural development to become mature
(11). However, locomotor impairments resulting from neurological in-
sults such as spinal cord injury (SCI) and stroke remind us of the in-
stability of human gait and the complexity of its neural control.
Neurologically impaired individuals must exploit residual neural
circuits to regain strength, precision, and balance to remaster the del-
icate interplay between body mechanics and gravitational forces.

Partial body weight–supported gait therapy is the most common
medical practice to facilitate this process (12, 13). Robotic engineering
has developed various types of body weight support systems. The most
common solutions include passive springs, counterweight mecha-
nisms, or force-controlled apparatus that deliver upward trunk support
during stepping on a treadmill. These approaches suffer from several
drawbacks. First, treadmill belt motion dictates the locomotor pace,
imposing challenging conditions for neurologically impaired individuals
who exhibit variable gait patterns (14). Second, treadmill-restricted en-
vironments markedly differ from the rich repertoire of natural locomo-
tor activities underlying daily living. Task-specific rehabilitation is
essential to maximize gait recovery (15, 16). Third, vertically restricted
trunk support creates undesired forces that impede gait execution
(17–19). Fourth, overground rehabilitation triggers more active partic-
ipation than treadmill-restricted training, which is critical for steering
neural circuit reorganization after neurological disorders (20).

We previously developed robotic systems for mice (21) and rats
(22) that addressed these issues. These suspension devices integrate
soft actuation mechanisms that allow the application of multidirec-
tional forces to the trunk while the rodents are progressing freely with-
in a large workspace. These robot systems enabled skilled locomotion
in rodents with SCI or stroke (22–24) and maximized activity-
dependent neural circuit reorganization during rehabilitation (20, 23).
To establish a similar gait rehabilitation platform for humans, we used
a robotic system that allows fine adjustment of forces applied to the
trunk along the three Cartesian directions (25). The quadrupedal pos-
ture of rodents minimizes the mechanical impact of trunk support on
dynamic balance. However, the application of forces to the trunk in the
bipedal posture of humans is likely to exert additional and specific
constraints. We found that a vertically restricted trunk support pro-
foundly alters gait dynamics. The addition of well-calibrated forward
forces alleviated these effects. Therefore, we developed an adaptive
multidirectional gravity-assist (MGA) algorithm that determines up-
ward and forward forces applied to the trunk to reestablish gravity-
dependent gait interactions while providing a support tailored to
patient-specific needs.

This MGA enabled natural walking in nonambulatory individuals
with SCI or stroke and enhanced skilled locomotion in less-impaired
subjects. After a 1-hour gait training session with MGA, individuals
1 of 13
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with SCI exhibited improved locomotor performance without robotic
assistance. These combined results stress the importance of applying
precise assistive trunk support during gait rehabilitation.
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RESULTS
Properties of the neurorobotic platform
We used a cable robot (25) that provides a safe environment, preventing
falls while allowing control of forces applied to the trunk through a
dedicated harness (fig. S1) along the three Cartesian directions during
locomotion in a large workspace (Fig. 1A). We integrated the robotic
interface within a platform (21), allowing real-time acquisition of forces
applied to the trunk, whole-body kinematics, GRFs, and muscle activity
(Fig. 1B).

To evaluate the absence of detrimental interactions between the
robotic system and locomotor performance, we recorded leg kinemat-
ics, muscle activity, and kinetics during walking without and with ro-
bot in eight healthy individuals. The robot delivered a 40-N upward
force, which corresponds to the minimal upward force necessary to
maintain tension in the cables (transparent mode). Most of the com-
puted gait parameters did not differ between both conditions (fig. S2A).
However, the upward force (40 N) did lead to a small decrease in the
amplitude of the vertical and anteroposterior components of GRFs
(fig. S2B). These kinetic alterations were associated with a decrease
in speed (fig. S2A) and an increase in the activity of ankle extensor
muscles (medial gastrocnemius; fig. S2C).

When applying forces with the robot, the resulting interaction
force components displayed variabilities due to imprecision in the
force controller, dynamic friction, and inertia (25). However, the varia-
bility remained confined within 4.2 ± 1.7 N for forward forces, 3.5 ±
1.8 N for lateral forces, and 6.2 ± 1.2 N for upward forces (net force,
6.4 ± 1.3N). As expected, inaccuracies increased during locomotion
Mignardot et al., Sci. Transl. Med. 9, eaah3621 (2017) 19 July 2017
along a sinusoidal path (n = 6 subjects), but even in these challenging
conditions, the alterations of gait patterns remained minimal (fig. S2D).
These combined results indicate that the robotic attachment exerted
minimal interference with the production of gait.

Impact of upward and forward forces on posture and gait
We next evaluated the effects of forces applied to the trunk during
standing and walking in healthy individuals. We first studied the
impact of upward forces during standing. The upright human body
can be modeled as an inverted pendulum (Fig. 2A). Because of the
natural forward tilt of the body (b), the CoM projects in front of
the rotational axis (ankle) of the pendulum. Consequently, the mean
anteroposterior position of the center of plantar pressure (CoP) was
located at 25 ± 1% of the base of support length (n = 5 subjects). This
biomechanical configuration allowed the maintenance of balance
through the tonic activation of antigravity muscles acting at the ankle
(Fig. 2A) (26).

The application of upward forces (40 to 500 N) induced a back-
ward tilt, which shifted the CoP position toward the heels (Fig. 2B).
Subjects displayed increased postural sways, paralleled by considerable
changes in ankle muscle activity patterns (Fig. 2A). We found that a
forward force compensated for the detrimental impacts of upward
force. Forward forces restored the position and dynamics of the
CoP, which reestablished appropriate ankle muscle activity (Fig. 2,
A and B).

We then evaluated the occurrence of similar interactions between
upward and forward forces during locomotion. To capture the effects
of force interactions, we calculated a comprehensive number of param-
eters (n = 120; table S1) that we subjected to a principal components
analysis (PCA) (fig. S3) (22, 27). Upward forces alone led to a gradual
alteration of gait features and muscle activity (Fig. 2, B to D, and fig. S4,
A and B). We detected negative correlations between upward forces and
by guest on July 19, 2017
the alteration of key gait features, such as
the stride length (R2 = 0.78), speed (R2 =
0.91), and antigravity muscle activity
(fig. S4, C and D). Large upward forces
required an abnormal activation of knee
flexor muscles during stance to pull the
body forward, concomitant to a threefold
drop in the activation of antigravity muscles
(Fig. 2C and fig. S4, A and C).

The application of increasing forward
forces mediated a gradual recovery of the
stride length, speed, double stance dura-
tion, and antigravity muscle activity (Fig.
2, B to D, fig. S4, E to H, and movie S1).
Forward forces improved the oscillations
of the CoM and the profile of GRFs (Fig.
2C). Analysis of the interactions between
upward and forward forces during walk-
ing on a treadmill confirmed these ob-
servations (fig. S5A and movie S1). These
results highlight critical interactions be-
tween upward and forward forces on
posture and gait with body weight sup-
port, stressing the importance of de-
veloping evidence-based procedures to
configure these forces based on patient-
specific needs.
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Fig. 1. Technological framework of the multidirectional gravity-assist. (A) Schematic and image of the robotic
support system, including the directions of the actuated and passive (rotation) degrees of freedom. The spatial trajectory
and instantaneous speed of the CoM are shown during locomotion within the entire workspace. Images (1 to 4) illus-
trating the recovery from a fall. (B) Kinematics, electromyogram (EMG) activity, and GRFs are recorded concomitantly. A
gait sequence is shown, during which an upward force followed by an increasing forward force are applied to a healthy
subject during walking. From top to bottom: Desired forces, measured forces, left and right stance durations, leg joint
angles, EMG activity, vertical GRFs, and timing of applied forces.
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Gravity-assist: Personalization of upward force
Individuals with motor deficits require personalized upward forces to
compensate for their specific impairments. Currently, therapists select
this support from empirical observations. Here, we aimed at devel-
oping an algorithm that configures upward forces based on objective
measurements.
Mignardot et al., Sci. Transl. Med. 9, eaah3621 (2017) 19 July 2017
Nine subjects with SCI or stroke were asked to stand with robot-
ic assistance (table S2). To determine the optimal upward force, we
recorded kinematics, kinetics, and muscle activity over a range of
upward forces (from 15 to 70% of body weight, depending on the
capacity of each subject; Fig. 3A). We applied a PCA on the computed
parameters (n = 15, table S1) recorded in each subject and healthy
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Fig. 2. Interaction between upward and forward forces during standing and walking. (A) Schematic of the body, including the CoM, the postural orientation (b), and
CoP. The mean position of the CoP with respect to the feet is shown during standing with transparent (Transp) support, upward force only, and both upward and forward
forces. A concomitant sequence of EMG activity from ankle extensor (Sol, soleus; MG, medial gastrocnemius) and ankle flexor muscles (TA, tibialis anterior) is displayed. The
plot represents the continuous and mean (colored circle) positions of the CoP for each condition. The x axis refers to the axis passing through the malleoli, whereas the y axis
corresponds to the midline between the feet. (B) Plots reporting the means ± SEM of b during standing and gait parameters under the conditions shown in (A) and (C). *P <
0.05, Wilcoxon signed-rank tests, n = 5 healthy subjects. n.s., not significant. (C) Stick diagram decomposition (rate, 120 ms) of head, trunk, and leg movements during stance
(dark, shading) and swing (light, unshaded). The stick diagram decomposition of trunk and leg movements is shown for sides. The filled and dashed lines differentiate the right
and left legs, respectively. The EMG activity of extensor and flexor muscles acting at the ankle and knee (VL, vastus lateralis; BF, biceps femoris) is displayed, together with the
CoM trajectory in the sagittal plane and GRFs. (D) Gait kinematics of one subject shown in the space created by PC1 and PC2 (%, explained variance). Each color-coded dot
corresponds to a single gait cycle, whereas the black circles indicate the average value for each condition.
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