
Exoskeleton-Mediated Physical Human-Human Interaction for a Sit-to-Stand

Rehabilitation Task
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Abstract— Sit-to-Stand (StS) is a fundamental daily activity
that can be challenging for stroke survivors due to strength,
motor control, and proprioception deficits in their lower limbs.
Existing therapies involve repetitive StS exercises, but these can
be physically demanding for therapists while assistive devices
may limit patient participation and hinder motor learning.
To address these challenges, this work proposes the use of
two lower-limb exoskeletons to mediate physical interaction
between therapists and patients during a StS rehabilitative
task. This approach offers several advantages, including im-
proved therapist-patient interaction, safety enforcement, and
performance quantification. The whole body control of the two
exoskeletons transmits online feedback between the two users,
but at the same time assists in movement and ensures balance,
and thus helping subjects with greater difficulty. In this study
we present the architecture of the framework, presenting and
discussing some technical choices made in the design.

I. INTRODUCTION

Transitioning from sitting to standing is fundamental to

living independently and is one of the most frequently

executed functional tasks. This task, commonly referred to

as Sit-to-Stand (StS), can be difficult to perform for post-

stroke individuals due to deficits in strength, motor control

and proprioception of the lower limb. Compared to healthy

individuals, post-stroke patients present many problems re-

lated to their StS ability: asymmetric force and weight

distribution, reduced peak vertical reaction force, increased

time to complete the movement, and a larger mediolateral

center of pressure displacement [1]. In addition, there is

a correlation between the ability to perform StS tasks and

clinical balance scales in post-stroke patients [2].

Typically, the therapist’s role in StS tasks is to instruct

and guide the patient toward more correct movements via

physical assistance and helps those with greater disabilities

by providing partial to full weight support. These approaches

require a large amount of physical effort from the therapist

which can, over time, lead to work-related injuries [3].

For this reason, assistive devices are usually offered to pa-

tients who lack the strength to support their own weight [4].

Nevertheless, many of these devices require the patient to

play mostly a passive role, resulting in a smaller activation

of motor learning mechanisms [5]. Moreover, they usually do
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Fig. 1: Sit-to-Stand rehabilitative framework: two exoskele-

tons are used to mediate the interaction between two users

performing a tracking task in which the position of the two

Center of Masses is used as a reference. The controller of

the two exoskeletons produces a threefold function: 1) they

virtually connect the movements of the two users; 2) they

produce vertical assistance on the two by limiting fatigue;

and 3) they preserve balancing.

not allow the therapist to provide external physical guidance

or assistance. Eliminating the physical patient-therapist inter-

action significantly limits the usage of therapist’s knowledge

and ability, and therefore the efficacy of the rehabilitation.

An infrastructure with two exoskeletons can be used to

mediate physical interaction between a patient and therapist

similar to the previously proposed human-robot-human sys-

tems [6]. Such an infrastructure has several advantages. First,

it allows a therapist to feel and guide their patient on mul-

tiple joints and contact points simultaneously. Second, the

exoskeleton can be programmed to further assist and enforce

defined safety criteria which are particularly relevant during

StS tasks. Third, interfacing with exoskeletons facilitates the

objective quantification of motor performance over many

repetitions, increasing reproducibility. Last but not least,

this infrastructure could enhance tele-rehabilitation practices,

allowing therapists and patients to physically interact in

different remote settings (e.g., at home, in the clinic).

To the best of our knowledge, there hasn’t been any prior

presentation of a rehabilitation framework using overground

lower-limb exoskeletons to mediate physical interaction be-

tween therapists and patients for StS task. In fact, while

overground systems offer the benefit of promoting natural

movements while engaging the balance, they can be chal-

lenging to control [7]–[9]. The whole body controller of the

exoskeleton must not only be designed to consider the degree

of impairment of the patient, but at the same time to meet
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safety prerequisites such as maintaining balance [10].

In our prior research, we introduced a control algorithm

that controls the forces between a floating-base lower-limb

exoskeleton and its wearer while taking into account actu-

ation constraints and safety requirements such as velocity

and torque limits [11]. Building on this formalization, we

introduced the practical application of exoskeleton-mediated

physical interaction between two users [12]. This approach

combines the benefits of a whole-body controller, including

constraint and force regulation, with spring-damper rendering

to couple the joints of two users. Exoskeleton-mediated

physical interaction aims to explore how task performance

and motor learning effects, initially assessed on simpler

robots with just one joint, can be scaled to address more

complex, bilateral tasks [6]. Indeed, robot-mediated physical

interaction is acknowledged for its potential to facilitate

knowledge transfer between individuals while also enabling

the recording of movements and the repetition of exer-

cises [13], [14].

In this context, we propose a StS framework for phys-

ical rehabilitation that virtually connects two lower-limb

exoskeletons operated by human users. To promote repetitive

training, we designed a task in which users control the

vertical position of their Center of Mass (CoM) with the help

of continuous visual feedback. In this work, we compared

two haptic interaction strategies: (1) virtual connections

applied directly between the joints of the two participants

and (2) virtual connections linking the vertical position of the

two CoMs. The haptic interaction is represented as a spring-

damper system, and several compliance profiles are tested.

The proposed framework can scale the assistance provided

to patients according to their functional level and uses a

balancing recovery strategy We present the structure of our

framework and the results of this preliminary testing.

II. METHODS

A. Exoskeleton Whole Body Model

For the StS task, we considered the exoskeleton in a state

of double stance. The equation of motion of the exoskeleton

during this state is described as:

Mds(q)q̈+bds(q, q̇)+gds(q,α) = ST (τmotor+τfriction)+τint.

(1)

where q = [θ0, θ1, θ2, θ3, θ4] are the generalized coordinates

corresponding to the backpack, hip, and knee angles. The

matrix and vectors Mds ∈ R5×5, bds ∈ R5, gds ∈ R5,

are the mass matrix, Coriolis and centrifugal torques, and

gravitational torques respectively during double stance. The

variable τmotor ∈ R4 corresponds to the motor torques sent

to the driver, τfriction ∈ R4 is the friction component of the

torque, S = [04×1, I4×4] is a selection matrix of actuated

joints, and τint ∈ R5 is a vector of interaction torques applied

to the exoskeleton by the user.

The parameter α is used to quantify the amount of vertical

assistance the exoskeleton provides to the user expressed in

kg. This parameter is used to delay or avoid the onset of

fatigue in StS exercise. In fact, fatigue may impair motor

learning during rehabilitation. This parameter can be easily

scaled during rehabilitation by increasing or decreasing as-

sistance depending on the patient’s level of impairment.

B. Human-Exoskeleton Interaction

The model presented in Eq. (1) is used to control the

joint acceleration such that it follows a desired interaction

profile. With this purpose, we implemented the virtual mass

controller presented in [11] to simulate a desired virtual mass

or inertia on the joints of the exoskeleton:

q̈∗ = M−1

virt (τint − τ ∗

int), (2)

where τ ∗

int is the desired interaction torque. For instance,

whenever we want to minimize the interaction between the

exoskeleton and the user, we apply zero desired interaction

torque:

τ ∗

int = 0. (3)

This condition is typically referred to as transparent control;

in this paper, it is used as a baseline for motor performance.

In many rehabilitation exercises, the exoskeleton is com-

manded to interact with the user in a certain way (e.g.,

providing assistance along a trajectory [15]). In our proposed

framework of virtual interaction between two exoskeletons

(A, B), the desired interaction with the user is defined as a

virtual spring-damper between the configuration of the two

exoskeletons. This behavior can act directly at joint level by

defining:

τ int
A = Kvirt,q(θB − θA) + Cvirt,q(θ̇B − θ̇A)

τ int
B = −τ int

A ,
(4)

where θA,B , θ̇A,B are respectively the joints angle and veloc-

ities of the robots A and B. The variables Kvirt,q and Cvirt,q

are the constants of the rendered spring and damper between

the users, respectively.

In addition to the joint space interaction, it is also possible

to design the interaction in the task space. In other words,

virtual elements can be rendered between the two points

of the exoskeletons in the sagittal plane. In this work, we

rendered spring and damper between the vertical positions

(z) of their CoM.

F int
A = Kvirt,z(zB − zA) + Cvirt,z(żB − żA)

F int
B = −F int

A

τ int
A = J

z
CoM(θA)

TF int
A

τ int
B = J

z
CoM(θB)

TF int
B ,

(5)

where zA,B , żA,B are respectively the vertical positions and

velocities of the robots A and B and JzCoM(.) ∈ R1×5 is the

vertical component of CoM Jacobian. This type of interaction

allows freedom of movement in the null space of the vertical

component of motion and a larger selection of the postures

that can meet the given position of the CoM.
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Fig. 4: Tracking performance improved when two pilot users were coupled via joint space connection compared to no

connection. The left panel shows the total error across repetitions of the StS exercise (mean ± SD) for two users during

solo and dyad trials under two connection stiffnesses. Right panels show the error separated into bias and random across

conditions.

step function with discrete values in the ROM,

zdes = ROM × [sin(0.5(2π)(t+ tr) + φ1)],

zdes = ROM × [0.33sin(0.50(2π)t)

+0.33sin(0.20(2π)t)

+0.33sin(0.16(2π)t)],

(13)

where zdes is the target vertical CoM position at a given time.

In this preliminary study, we compared different config-

urations to define the usability of the StS infrastructure.

With this intent, we tested different interaction profiles (i.e.,

stiffness and damping) as shown in Tab. I. We present

the results and discuss measures of performance which are

relevant for a StS exercise. In particular, we are interested in a

user’s tracking errors while they attempt to accurately follow

the visually-displayed target during the exercise. We use the

root-mean-square of the difference between each individual’s

actual trajectory and the target trajectory to represent the total

error during each tracking trial. In addition, we distinguish

between the type of error, bias (i.e., systematic) and random,

as they each contribute to the total tracking error. Bias error

gives an indication of repeated mistakes by the user (e.g.,

undershooting the peak target position) across tracking trials.

Random error indicates the consistency of the movement

across trials, as low random error would suggest the user

smoothly and repeatably pursues the target from trial to trial.

We present these three categories of error (i.e., total, bias

and random) for each of the stiffness configurations during

the joint space interaction to show how haptic coupling

influences tracking performance for an example dyad.

III. RESULTS

Comparing performances with and without haptic inter-

action during the tracking task, our preliminary results are

consistent with previous work in dyadic tracking at the

ankle [13]. In fact, not only does the interaction seem to

improve one’s ability to follow a reference, but also the

degree of improvement appears related to the magnitude of

virtual stiffness of the connection. It is not the intent of this

paper to validate these findings for lower-limb exoskeletons

but we report here a change in user performance for one

dyad (Fig. 4).

In these initial observations, we did not observe any

particular differences between applying a virtual connection

in the task space or joint space. This is likely due to the

small variability with which StS movements are performed

at knee and hip levels. Fig. 5C shows the limited amount of

movement in the null space for a single joint (right knee) both

during the solo and dyad conditions. We expect that greater

differences may be observed in users with differences in

anatomy, strength and flexibility (e.g., therapist and patient).

For instance, it is possible that interaction in the task space

could reduce the quality of information the therapist can

receive from the patient (i.e., lack of feedback in each

joint) [29]. In future experiments, we intend to test higher

stiffness values and compare users with different kinematic

and dynamic properties.

In Sec.II-D, we presented the balancing constraint we

implemented to compensate for the robot’s movement limi-

tations (i.e., non-actuated ankle joint). In fact, ankle move-

ments can lead to solutions that violate the constraint and

thus to instability and unnatural movements for the user such

as hyper-extension of the hip. The constraints on the vertical

position and backpack angle are designed specifically to

avoid these occurrences. For example, a forward movement

of the ankle that violates the horizontal constraint generates

solutions that lead the user to a safe position by lowering the

CoM position and backpack angle. Backward movements,

on the other hand, are less constrained to allow execution
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