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Abstract— Haptic human-robot-human interaction
allows users to feel and respond to one another’s
forces while interfacing with separate robotic devices,
providing customizable infrastructure for studying
physical interaction during motor tasks (e.g., physical
rehabilitation). For upper- and lower-limb tracking tasks,
previous work has shown that virtual interactions with
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a partner can improve motor performance depending
on the skill level of each partner. However, whether the
mechanism explaining these improvements is identical in
the upper and lower limbs is an open question. In this work,
we investigate the effects of haptic interaction between
healthy individuals during a trajectory tracking task
involving single-joint movements at the wrist and ankle.
We compare tracking performance and muscle activation
during haptic conditions where pairs of participants
were uni- and bidirectionally connected to investigate the
contribution of real-time responses from a partner during
the interaction. Findings showed similar improvements
in tracking performance during bidirectional interaction
for both the wrist and ankle. This was observed despite
distinct strategies in muscle co-contraction between
joints, as co-contraction was dependent on partner
ability for the wrist but not the ankle. For each joint,
bidirectional and unidirectional interaction resulted in
similar improvements for the worse partner in the dyad.
For the better partner, bidirectional interaction resulted
in greater improvements than unidirectional interaction.
While these results suggest that unidirectional interaction
is sufficient for error correction of less skilled individuals
during simple motor tasks, they also highlight the mutual
benefits of bidirectional interaction which are consistent
across the upper and lower limbs.

Index Terms— Human-human physical interaction, track-
ing performance, upper and lower limb.

I. INTRODUCTION

IN DAILY life, humans interact through physical touch
to assist and learn from one another. During physical

rehabilitation, for instance, a therapist may interact with a
patient by applying corrective forces during dynamic move-
ments to stimulate (re)learning of motor behaviors. However,
systematically characterizing these interactions is difficult due
to the challenge of measuring contact forces between two indi-
viduals. To this end, robotic systems can be leveraged to study
various aspects of human-human physical interaction. This is
typically accomplished by rendering virtual haptic connections
(e.g., spring-damper) between two robotic interfaces [1], [2],
[3], [4], [5], [6], [7], [8], [9], allowing users to feel and respond
to one another’s forces during motor tasks. Such systems have
been used to quantify the effects of collaborative training
while haptically interacting with a partner, in terms of task
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performance and learning as well as the muscle activation
strategy of each partner.

Previous studies, involving both upper- [1], [3], [5], [6]
and lower-limb [8], [9] systems, have shown that pairs of
healthy individuals (i.e., dyads) perform dynamic tracking
tasks better while connected compared to tracking alone.
These improvements depend on the ability (i.e., relative skill
level) of each partner, as well as the stiffness of the vir-
tual connection [3], [9]. Furthermore, better partners in each
dyad exert greater effort, measured as an increase in muscle
activation or co-contraction, to compensate for the inferior
ability of the worse partner during the interaction [5]. How-
ever, this can be addressed by implementing an asymmetric
connection, with a higher stiffness for the worse partner,
to improve tracking performance without additional effort
exerted by either partner [6]. Particularly relevant to physi-
cal rehabilitation, a few upper-limb studies have found that
individuals can learn tracking tasks more effectively after
haptic interaction with a partner than after training alone [1],
[7] or with conventional robotic guidance toward a reference
trajectory [4].

Though these benefits of human-human physical interac-
tion have been confirmed with various robotic interfaces, the
mechanism of these improvements is disputed. Previous work
on upper-limb dyadic behaviors has proposed that individuals
mutually adapt their movement strategy in response to the
haptic feedback received from their partner [2], [3], [10].
When tracking a randomly moving target, individuals are
suggested to improve their tracking performance as they infer
the target’s movement from the information perceived while
interacting with a partner, which they combine with their
own information in a stochastically optimal way. However,
our work in the lower limb suggests a mechanism for these
improvements based solely on the interaction mechanics [8],
[9]. In these works, we simulated dyad trials by modeling the
haptic interaction as three springs in series, where each par-
ticipant’s simulated angle was influenced by the physiological
stiffness of their own ankle, the stiffness of the virtual spring,
and the physiological stiffness of their partner’s ankle. Using
trajectories recorded during unconnected trials to represent
each partner’s planned trajectory, simulated trajectories are
effectively a weighted average of two partially correlated
signals (i.e., two users following a common trajectory). A key
difference in these proposed models is the consideration of
the planned trajectory. In the mutual planning model [2],
[3], [10], the planned movements of each partner are esti-
mated considering the haptic information received during the
interaction. In the mechanics-based model [8], [9], planned
movements are assumed to be the same with or without the
interaction.

Due to differences in robotic infrastructure and task con-
straints across the aforementioned dyadic studies, it is unclear
whether a single mechanism can explain these improvements,
or whether the two proposed mechanisms, mutual planning [3]
and interaction mechanics [9], are specific to the upper
and lower limbs, respectively. If the basis for these mecha-
nisms is mechanical and unrelated to mutual adaptations in
planning, then changes in the movement strategy of each

partner should have a limited effect on the resulting behavior.
In this case, one would expect similar tracking improvements
whether two individuals are connected bidirectionally (i.e.,
two-way spring-damper) or unidirectionally (i.e., one-way
spring-damper). Unidirectional interaction has been studied
less extensively in dyads, but is similar to common approaches
in robotic training where guidance is provided towards a
reference trajectory [1], [4], [11]; in a dyadic case, partners
would be unable to share information of their motor plan
as only one individual receives haptic feedback. Conversely,
if mutual changes in planning contribute significantly to
performance improvements, we would expect individuals to
perform worse during unidirectional interaction, compared to
bidirectional.

In the context of physical rehabilitation, comparing these
approaches is important as it can inform the design of part-
nered training for individuals with sensorimotor impairments
(e.g., stroke) in future studies. Trajectory tracking tasks can
be useful visuomotor exercises to assess and train individ-
uals post-stroke [12], [13], using robotic devices to isolate
the impaired joint(s) of interest. Given the learning benefits
observed during tracking tasks in healthy individuals, it may
be similarly advantageous to haptically couple an individual
with sensorimotor impairments to a healthy individual (e.g.,
a physical therapist) during training. Waters et al. presented
a preliminary investigation on task performance and motor
learning during a 1-DoF upper-limb tracking task where an
individual post-stroke was haptically paired with a healthy
individual, facilitated via bidirectional interaction between two
robotic manipulators [14]. While the results from this work are
promising, it still remains an open question whether real-time
interaction with a partner (i.e., bidirectional) is necessary for
improvements reported in previous dyadic studies. Observing
identical changes in task performance between uni- and bidi-
rectional interaction could simplify setups in future studies
with patient populations, for both upper- and lower-limb train-
ing paradigms. For instance, a recorded database of human
trajectories could be used as the “reference” for assistance,
obviating the need for a second user.

To address these questions in the upper and lower limb,
we present results comparing dyadic behaviors during a
1-DoF trajectory tracking task at the wrist (i.e., flexion and
extension) and ankle (i.e., plantarflexion and dorsiflexion)
in healthy individuals. Despite differences in the functional
roles of each joint, previous works have shown that the wrist
and ankle exhibit similar velocity profiles when performing
single-joint “pointing” tasks [15], [16], suggesting an invariant
strategy employed by the central nervous system to minimize
end-effector error across these joints. Therefore, we expect
connected partners to improve similarly during wrist and ankle
tasks according to their partner’s ability, with the better partner
increasing their muscle activation to compensate for the worse
partner’s performance. In addition, we expect that tracking
improvements at the wrist and ankle can be explained by the
mechanics of the interaction. This means that partners should
improve similarly whether they are connected uni- or bidirec-
tionally, based on our previous simulation work during 1-DoF
tracking [8], [9] and the limited effects of haptic assistance
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during spatial tasks with reduced complexity [13]. Our analysis
focuses on changes in tracking error to assess improvements
in performance as well as muscle co-contraction to suggest
changes in human mechanics as a result of the connection.
For the haptic conditions, we compare these measures between
bidirectional interactions where individuals are connected to
their partner in real-time and unidirectional interactions where
individuals are connected to a recording of their partner’s
trajectory.

II. METHODS

A. Participants
We recruited 26 healthy individuals (12 females and

14 males; 26.5± 3.7 years) to participate in this study and
paired them into sex- and age-matched dyads, separated by
a maximum of 5 years. Participants gave informed consent
for their participation. The study protocol (registered on
clinicaltrials.gov as NCT04578665) was conducted in accor-
dance with the Declaration of Helsinki and approved by
the institutional review board of Northwestern University
(STU00212684). All participants were determined to be right-
handed, assessed by the preferred writing hand. All but two
participants were determined to be right-footed, assessed by
the preferred foot when kicking a ball.

B. Experimental Design
Pairs of participants used either their dominant wrist or

ankle to perform 1-DoF movements while strapped into
two commercially available robots (M1, Fourier Intelligence,
Singapore; Fig. 1A). These robots are designed for 1-DoF
exercises (e.g., flexion and extension) and are equipped with a
sensor to measure the interaction torque between the user and
robot. In our previous work [17], a custom interaction torque
controller was developed to allow transparent motion (i.e., near
zero interaction torque) for each robot and to render virtual
haptic interactions between users interfacing with different
robots. The desired interaction torque between users i and j
was calculated as

τ int
i (t) = Kv[θ j (t) − θi (t)] + Cv[θ̇ j (t) − θ̇i (t)] = −τ int

j (t),

(1)

where τ int(t) is the interaction torque applied to either user,
θ(t) is the angular position measured by each robot, θ̇ (t) is
the angular velocity, Kv is the virtual stiffness that is applied
between the angles of the two users, and Cv is the virtual
damping that is applied between the velocities. Motor torque
commands and sensor measurements including joint angle,
velocity, and interaction torque data were updated at 333 Hz.

To allow practical comparisons between the wrist and
ankle, we made a few modifications to the robot hardware
and controllers for each joint. Specifically, each robot was
equipped with either a pedal for interfacing with the foot, or a
manufactured handle for interfacing with the hand with the
fingers splayed. The position of each participant’s foot/hand
was adjusted such that their ankle/wrist joint was aligned
with the robot’s center of rotation for flexion and extension
movements. The interaction torque controller for the wrist

and ankle configured robots was identical; manual tuning of
parameters in the feedback control loop [17] was performed
to achieve similar transparent tracking behaviors across joints.
These parameters were identified prior to study recruitment,
therefore the same set of robot parameters was used across all
participants during experimentation.

The experiment was divided into two phases, one for the
wrist and the other for the ankle. Each phase began with an
electromyography (EMG) calibration procedure followed by
sets of tracking trials. The order of the wrist and ankle phases
was randomized for each dyad. For the ankle experimentation,
participants were seated with their knee slightly flexed and
restricted to using dorsi- and plantarflexion; EMG sensors
(Bagnoli, Delsys Inc., USA) were placed on the tibilias
anterior (TA), gastrocnemius medialis (GM), gastrocnemius
lateralis (GL) and soleus (SOL). For the wrist, participants
were seated with their forearm supported and restricted to
flexion and extension with the wrist in 90◦ of pronation;
EMG sensors were placed on the extensor carpi radialis longus
(ECRL) and flexor carpi radialis (FCR). A ground electrode,
for both the wrist and ankle measurements, was placed on
the non-dominant elbow of each participant. EMG data were
collected at 333 Hz and synchronized with data from the robots
using a data acquisition board (USB-6218, National Instru-
ments, USA) and a custom Python script. EMG data from the
isometric calibration and tracking trials were high-pass filtered
at 20 Hz (Butterworth, second order), rectified and low-pass
filtered at 5 Hz (Butterworth, second order) to obtain the linear
envelope of each muscle’s activation.

C. Trajectory Tracking Trials
To study the effects of physical interaction during voluntary

movement, we designed a continuous, dynamic tracking task
involving 1-DoF. During tracking trials, dyads tried to match
either their wrist or ankle angle, θ(t), to a visually-displayed,
sinusoidal trajectory while their robots were commanded with
the interaction torque controller described previously. θ(t)
was offset such that 0◦ corresponded to the center of each
participant’s active range of motion. The target appeared on
the display for a duration of 20 seconds and varied according
to a multi-sine function:

θdes(t) = 6.6◦
[
sin(π t∗)+sin(0.6 π t∗)+sin(0.32 π t∗)

]
, (2)

where θdes(t) is the instantaneous target angle presented to
both participants in the dyad at a given time point (t). A time
shift, t∗ = t + tr , with tr randomly selected from a uniform
distribution in the interval [0, 20] s was used to change the
starting point of the trajectory for each trial and minimize
memorization of the target’s movement.

To evaluate how tracking performance during physical inter-
action is affected by the ability or “skill” of each partner,
we added visual noise [3] to the target of one participant in
each dyad to increase their tracking error (Fig. 1A); adding
visual noise in this way increases the relative differences
in tracking performance between two partners, resulting in
“better” and “worse” partners during the interaction. Without
visual noise, the target was presented as a single 10 mm
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Fig. 1. Experimental setup and block design. (A) Using either their wrists or ankles, each partner tracked multi-sine targets with different visual
feedback conditions (i.e., without or with visual noise). (B) During tracking trials, three types of interaction between partners were tested: no
interaction (Solo), bidirectional (Dyad) and unidirectional (Playback). In Dyad trials, partners interacted in real-time through compliant spring-
damper elements. In Playback trials, each participant was connected to a recording of their partner’s Solo trajectory with a virtual stiffness dependent
on the ability of their partner (1eps ), resulting in a range of stiffnesses used across participants during this condition. (C) Participants completed four
blocks of tracking trials, 20 seconds in duration, for each combination of visual noise and joint (i.e., ankle or wrist); each block consisted of 5 Solo
trials, followed by 10 haptic trials (Dyad or Playback in a randomized order).

diameter disk on the display. With visual noise, the target was
presented as a cloud of eight 5 mm diameter disks. Each disk
was characterized by the following randomly selected parame-
ters: the orthogonal distance to the target η ∈N(0, 10 mm), the
angular distance to the target ηθ ∈N(0, 4.58◦), and the angular
velocity ηθ̇ ∈N(0, 4.58◦/s). The eight disks were sequentially
replaced and updated with parameters every 250 ms.

In total, the experiment consisted of four blocks, for each
combination of visual noise (i.e., i with noise and j without, j
with noise and i without) and joint (i.e., wrist, ankle) (Fig. 1C).
At the start of each block, participants were given time to
familiarize themselves with the robot’s transparent control for
the given visual condition; this involved following a multi-
sine trajectory, θdes(t) = 6.6◦[sin(0.8 π t)+sin(0.4 π t)] , for
60 seconds followed by one tracking trial defined in Eq. (2).
Familiarization was provided in order to minimize the con-
found of learning during subsequent trials, as our primary
analysis focuses on changes in tracking behaviors during
haptic interaction. For the remaining trials, participants were
informed that they might experience some forces from their
robot, but they were blinded to the nature of these forces (i.e.,
the virtual connection). Within each block, dyads performed 5
Solo trials where the robots allowed transparent motion and
10 haptic trials (Dyad or Playback) where the robots rendered
a spring-damper between the joint angles of each partner

according to Eq. (1). The order of Dyad or Playback trials
was randomized in the set of 10 haptic trials to mitigate the
influence of trial number on tracking error for our primary
comparison in this study. The same time shifts (tr ) selected
for the Solo trials were used in the Dyad and Playback trials,
such that partners were presented the same 5 trajectories across
the three trial types within a block.

1) Dyad Trials: In the Dyad trials, the two partners received
and applied haptic feedback to one another via bidirectional
interaction. This interaction was achieved using the real-time
joint angles of each partner and a virtual stiffness (K wrist

v =

3.7 Nm/rad; K ankle
v = 37 Nm/rad) and damping (Cwrist

v =

0.86 Nms/rad; Cankle
v = 2.72 Nm s/rad). These virtual stiff-

nesses were selected using a similar approach to the haptic
tracking experiment in [3]. In pilot experiments, participants
were virtually connected, using two different sets of virtual
stiffnesses for the wrist and ankle, to a target multi-sine tra-
jectory; participants were asked to track the target’s movement
by minimizing the interaction torques experienced without
the aid of visual feedback. Tracking errors, relative to the
virtual stiffnesses, were characterized by an exponential decay
function, as errors asymptotically decreased as the virtual
stiffness increased. The virtual stiffness values which produced
similar tracking errors for the ankle and wrist were selected
for each joint, respectively, for implementation in the Dyad
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trials. The set of virtual stiffnesses tested for each joint during
piloting was chosen based on active stiffness values reported
in previous works for the wrist [18] and ankle [19]. Damping
parameters were chosen such that the damping ratio (ζ ∝

Cv/
√

Kv = 1.4) of each connection was the same; this ratio
was decided empirically to avoid oscillation and maintain the
responsiveness of the interaction.

2) Playback Trials: In the Playback trials, partners received
haptic feedback via unidirectional interaction. Participants
were connected to a recording of their partner’s solo trajec-
tory (featuring the same initial time shift tr ) with a virtual
stiffness that was variable across participants (K wrist

v ∈ [0.7,
2.3] Nm/rad; K ankle

v ∈ [7, 23] Nm/rad) and damping consistent
with the Dyad trials. Illustrated in Fig. 2, a range of virtual
stiffnesses in this condition was implemented to account for
the spring-series connection between the joints (i.e., human
stiffness elements) of two users [9]. This spring-series model
attempts to relate each partner’s planned movement to their
actual movement during connected trials as a result of the
interaction mechanics. When two partners interact in real-time,
the influence of one partner on the other depends on each
partner’s joint stiffness, relative to the stiffness of the virtual
connection. For instance, if partner A is much stiffer than
partner B, partner A will be less influenced by the planned
movement of partner B; in turn, partner B will be more
influenced by the planned movement of partner A. This results
in a smaller displacement between partner A’s planned and
actual movements, and a larger displacement between partner
B’s planned and actual movements. This effectively means
that the virtual connection stiffness perceived by partner A
is smaller than that of partner B. In the spring-series model,
we can compute the sum of two stiffnesses in series, the virtual
connection stiffness and partner B’s joint stiffness, to calculate
the virtual stiffness perceived by partner A, and vice versa.
With this in mind, we rescaled the virtual stiffness in the
Playback condition in an attempt to reproduce the virtual
stiffness perceived by each partner during the Dyad trials.

Partner stiffness values (K ) were computed as a function of
each partner’s ability (1ep

s , defined in section II-E), assuming
that worse partners were more relaxed and better partners
stiffer [5], [9]. Based on the literature values of active joint
stiffness referenced previously [18], [19], we empirically gen-
erated sigmoid functions to relate differences in Solo trial
performance across pairs of participants to their expected joint
stiffness during connected trials,

K = a0 +
a1 − a0

1 + exp(−0.02△ep
s )

, (3)

where a0, a1 are the sigmoid parameters defined separately for
the wrist (a0 = 0.1 Nm/rad, a1 = 8.0 Nm/rad) and ankle (a0 =

1.0 Nm/rad, a1 = 80 Nm/rad). Sigmoid functions, displayed in
Fig. 2 as the partner stiffness, were used to avoid negative
stiffness values of K . The Playback virtual stiffness was
calculated by taking the series equivalent of the virtual con-
nection stiffness in the Dyad trials and the computed partner
stiffness: (1/Kv + 1/K )−1. Rescaling the virtual stiffness to
account for the expected interaction mechanics results in a
lower magnitude of the virtual stiffness implemented during

Fig. 2. (A) Spring-series representation of the mechanical interaction
between two users, presented for the Dyad case (i.e., real-time interac-
tion) and Playback case (i.e., interaction with pre-recorded trajectory).
Implemented values of partner joint stiffness (Kj) and virtual connection
stiffness (Kv) are plot with respect to partner ability and displayed for the
(B) wrist and (C) ankle. Dyad virtual stiffness was defined as a constant
value (Kwrist

v = 3.7 Nm/rad; Kankle
v = 37 Nm/rad) for all participants.

Playback virtual stiffness was defined separately for each participant,
by taking the series equivalent of the Dyad virtual stiffness and partner
stiffness (1/Kv + 1/Kj)

−1, resulting in a range of stiffness values during
these trials (Kwrist

v = [0.7, 2.3] Nm/rad; Kankle
v = [7, 23] Nm/rad).

Playback compared to Dyad trials, particularly for the better
partner (Fig. 2B).

D. EMG Calibration
EMG data from isometric torque matching trials were used

to estimate torques exerted during the trajectory tracking trials.
Participants performed isometric trials while fixed in the center
of their active range of motion, matching a visual display
of their applied torque to a series of target torque values
for a period of 7 seconds (wrist: [−3, −2, −1, 1, 2, 3] Nm;
ankle: [−6, −4, −2, 2, 4, 6] Nm). These torque magnitudes
represent the range of torques participants were expected to
exert during the dynamic tracking trials, determined through
pilot testing. Trials were repeated 2 to 3 times for each target
torque with 10 seconds of rest between trials. The envelopes of
EMG activity obtained during these isometric matching trials
and at rest were regressed with the applied torque to generate
models relating muscle activation to torque.

Two models characterized the flexor (plantarflexor) and
extensor (dorsiflexor) torques (τf(t), τe(t)) for each joint:

τf(t) = αf uf(t) , αf > 0
τe(t) = αe ue(t) , αe > 0 (4)

where uf(t), ue(t) are the EMG envelopes for the flexor
and extensor muscles, respectively. For the wrist, the ECRL
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represents the extensor muscle and the FCR represents the
flexor in these equations. For the ankle, TA represents the
extensor muscle and one of MG, LG or SOL was selected
to represent the flexor. This was decided based on the highest
variance explained when using each muscle as an input for the
flexor model in Eq. (4). Across all participants, this procedure
resulted in appropriate linear fits of the isometric data (Wrist:
R2

= 0.89± 0.09, Ankle: R2
= 0.85± 0.08), with respect

to similar EMG-torque calibration models used in related
studies [5], [20]. We used predictions of torque from EMG
signals as a method to normalize the muscle activation of
the flexors and extensors on a subject-specific basis during
the dynamic tracking trials. Predicting torque in this way also
takes into account the relative torque production of the flexors
and extensors, respectively, which is necessary for our analysis
of muscle co-contraction detailed in the following section.

E. Outcome Measures
Our primary outcome measures during the trajectory track-

ing trials were the changes in tracking error and muscle
co-contraction during the haptic conditions. All measures
defined below were averaged across trials of the same con-
dition, with respect to each joint (i.e., wrist or ankle), visual
condition (i.e., with or without noise) and tracking trial type
(i.e., Solo, Playback or Dyad). Each participant’s tracking error
(e) was quantified for each trial as the root-mean-square error
(◦) between the target and joint trajectories,

e =

(
1

T − t0

∫ T

t0
[θdes(t) − θ(t)]2 dt

) 1
2

, t0 = 2 s , T = 20 s,

(5)

computed in the range of 2 to 20 seconds, excluding the first
2 seconds of each trial to account for initiation of the task. For
each joint and visual noise condition, tracking improvements
were measured by taking the normalized difference between
mean Solo (es) and Dyad (ed ) or Playback (epb) tracking
errors. Positive values of the tracking improvements indicate
better performance for Dyad (△ed = 100(1 − ed/es)) or
Playback (△epb = 100(1 − epb/es)) compared to Solo trials.
Partner ability was measured by taking the normalized differ-
ence between the mean Solo tracking errors of each partner in
a dyad (△ep

s = 100(1 − ep
s /es)), with respect to each block.

Positive values of partner ability indicate the worse partner
in the pair, evaluated when performing the task alone with a
given joint and visual noise condition.

Subject-specific models relating EMG to torque were used
to quantify the mechanical contribution of agonist-antagonist
co-activation [5], [21], termed co-contraction (c):

c =
1

T − t0

∫ T

t0
min{|τf(t)|, τe(t)} dt, t0 = 2 s, T = 20 s , (6)

and computed in the range of 2 to 20 seconds. For each
participant, co-contraction values were normalized based on
the maximum (cmax) and minimum (cmin) values observed
across all trials for each joint:

△c = 100
(

c − cmin

cmax − cmin

)
, (7)

reported as mean percentages for the Dyad (△cd ) and Play-
back (△cpb) conditions. We used this specific measure of
co-contraction to be consistent with previous dyadic stud-
ies [5], [20], allowing us to interpret results in the context
of these works. Normalizing co-contraction based on the min-
imum and maximum values observed within each participant
gives an indication of how each participant changes their
muscle activation strategy during the Playback and Dyad
conditions. Additionally, because each participant exhibited
different tracking errors when presented targets with or with-
out visual noise, leading to distinct partner ability values
(△ep

s ) for each visual condition, this normalization method
enables more effective within-subject comparisons of changes
in co-contraction when a participant performed “better” or
“worse” than their partner.

F. Statistical Analysis
The goal of this study was to assess how task performance

improvements and muscle activation strategies change for the
wrist and ankle during uni- and bidirectional dyadic interac-
tion. We tested two primary hypotheses for our experimental
results: (1) for both the wrist and ankle, task performance
improvements are different between the unidirectional and
bidirectional tracking conditions, (2) improvements are differ-
ent during the bidirectional condition between the wrist and
ankle. As a secondary analysis, we assessed whether distinct
muscle activation strategies were utilized between the wrist
and ankle during haptic trials, with the expectation that better
partners will exhibit higher levels of muscle co-contraction
compared to worse partners for both joints.

To test our hypotheses related to changes in task perfor-
mance, we used a mixed effects model with the tracking
improvement in the haptic trials as a dependent variable,
haptic trial type (Dyad or Playback) and joint (ankle or
wrist) as categorical variables, and partner ability with linear
and quadratic forms as continuous variables, as well as the
interaction between each of these predictors. We used a mixed
effects model with similar structure to evaluate differences
in muscle activation, with normalized co-contraction in the
haptic trials as a dependent variable, haptic trial type and joint
as categorical variables, and partner ability as a continuous
variable. The DoF of the mixed effects models were estimated
using a Satterthwaite approximation [22]. Significance was set
to 0.05 for all hypotheses related to tracking improvements
and co-contraction changes. Results are presented as mean ±

standard error unless otherwise specified.

III. RESULTS

Errors during Solo trials were similar between the ankle and
wrist when tracking without visual noise (ankle: 4.1± 0.7◦,
wrist: 4.0± 0.8◦; t25 = 0.6, p = 0.6) and with visual
noise (ankle: 5.0± 0.7◦, wrist: 5.3± 1.0◦; t25 = −1.7, p =

0.1). Shown in Fig. 3, these errors were positively correlated
between the ankle and wrist for both visual conditions (without
visual noise: r = 0.87, p < 0.001; with visual noise: r = 0.74,
p < 0.001). Despite these similarities, the range of partner
abilities was larger for the wrist ([−110, 50]%) compared
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Fig. 3. Solo tracking errors were similar for the wrist and ankle, for both
visual conditions. Mean tracking error (◦) of each participant during Solo
trials, plot for the wrist with respect to the ankle, when tracking targets
(A) without visual noise and (B) with visual noise. Dashed lines indicate
unity between Solo errors for the wrist and ankle.

to the ankle ([−65, 40]%), meaning that there was a wider
distribution of partner performances during wrist tracking.
Shown in Fig. 4A,B, improvements during the haptic trials,
normalized with respect to Solo performance, increased with
partner ability (1ep

s ). This means that worse partners, com-
pared to better partners, demonstrated greater improvements
when haptically connected in both the Dyad and Playback
trials. This relationship between partner ability and tracking
improvements was characterized by a second order polyno-
mial, including data for both the wrist and ankle during the
Dyad and Playback trials (R2

= 0.79).

A. Bidirectional Improvements Are Similar Between the
Ankle and Wrist

The improvements in tracking performance observed during
the Dyad trials were similar for the wrist and ankle. Mixed
effects model fits comparing ankle and wrist tracking improve-
ments with respect to partner ability were not significantly
different (F3,186 = 0.5, p = 0.7). Assessed over the range of
partner abilities common to both joints ([−65, 40]%), there
were no significant differences (p > 0.3) in the improvements
seen during Dyad trials between the wrist and ankle (Fig. 4C).
To confirm that these findings were not dependent on the poly-
nomial fit of the mixed effects model, we also compared wrist
and ankle improvements separately for better (1ep

s < 0%)
and worse (1ep

s > 0%) partners. Again, we did not observe
significant differences in wrist and ankle improvements for the
better (δ = 1.1 ± 1.8%, t200 = 0.4, p = 0.7) or worse partners
(δ = −0.2 ± 1.8%, t200 = −0.1, p = 0.9).

B. Better Partners Improve Less During Unidirectional
Interaction

Better partners tracked the trajectory more accurately during
the bidirectional trials (Dyad) compared to the unidirectional
trials (Playback); though worse partners showed no difference
in tracking performance between the two trial types. Shown
in Fig. 4D,E, we observed that the tracking performance in
the Playback and Dyad conditions significantly differed for
both the wrist (F3,184 = 6.4, p < 0.001) and ankle (F3,184 =

5.6, p < 0.01). With the wrist, participants had significantly

lower tracking improvements during Playback trials only when
partner ability was below 0% (p < 0.05). With the ankle,
participants had significantly lower tracking improvements
during Playback trials when partner ability was below −16%
(p < 0.05). Comparing improvements during Playback and
Dyad trials separately for the better and worse partners, the
performance of the better partners was significantly deterio-
rated for the wrist (δ = −7.2± 1.8%, t200 = −2.9, p < 0.01)
and ankle (δ = −5.9± 1.8%, t200 = −2.4, p < 0.05) during
Playback trials; the performance of the worse partners during
Playback and Dyad trials was not significantly different for
the wrist (δ = 0.04± 1.8%, t200 = 0.02, p = 1.0) or ankle
(δ = −0.3± 1.8%, t200 = −0.1, p = 0.9).

C. Muscle Co-Contraction Is Modulated at the Wrist, but
Not at the Ankle, When Interacting With a Partner

Only at the wrist did we observe changes in muscle
co-contraction dependent on partner ability during the haptic
trials (Fig. 5A). Mixed effects model fits comparing ankle and
wrist co-contraction during bidirectional (Dyad) trials were
significantly different (F2,200 = 5.6, p < 0.01). At the wrist,
better partners co-contracted more than worse partners during
Dyad trials, indicated by a significant change in co-contraction
relative to partner ability (−33.1± 6.4%/%, t200 = −5.2,
p < 0.001). This trend was also observed during Playback tri-
als. Though we found no significant difference in the change in
co-contraction relative to partner ability (δ = −4.4± 6.4%/%,
t200 = −0.5, p = 0.6), there was a significant increase in
co-contraction (δ = 7.1± 2.5%, t200 = 2.0, p < 0.05) during
Playback compared to Dyad trials at the wrist.

At the ankle, participants exhibited similar magnitudes of
co-contraction independent of their partner’s ability (Fig. 5B).
There was no such modulation of co-contraction in the Dyad
trials, as we observed a change in co-contraction relative
to partner ability that was not significantly different from
zero in our mixed effects model analysis (−3.1± 8.7%/%,
t200 = −0.4, p = 0.7). This was consistent for the Playback
trials as well, with no significant difference in changes in
co-contraction (δ = −3.8± 8.7%/%, t200 = −0.3, p = 0.8)
between the two haptic conditions.

While normalized co-contraction was significantly modu-
lated at the wrist according to partner ability, the magnitude
of these changes was relatively small. To provide context,
we report the group averaged, maximum and minimum
co-contraction values observed at the wrist (cmin = 0.28 ±

0.17 Nm; cmax = 0.42 ± 0.22 Nm) and ankle (cmin = 0.87 ±

0.35 Nm; cmax = 0.97 ± 0.39 Nm). Based on the trend
observed in normalized co-contraction for the wrist, our model
predicts that a much better partner (1ep

s = −110%) exhibits
a co-contraction value that is approximately 0.1 Nm greater
than a much worse partner (1ep

s = 50%).

IV. DISCUSSION

In this study, we investigated the effect of uni- and bidi-
rectional physical interaction between healthy individuals on
performance during a dynamic tracking task, in addition to a
comparison of wrist and ankle behaviors during these haptic
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Fig. 4. Dyadic tracking improvements were similar for the wrist and ankle, relative to each partner’s ability; better partners perform worse when
connected to a recording of their partner’s trajectory (i.e., Playback), compared to a real-time connection (i.e., Dyad). Mean tracking improvements
during Dyad and Playback trials plot with respect to the difference in each partner’s Solo performances are shown for the (A) wrist and (B) ankle.
Linear mixed effects model fits are compared between (C) the wrist and ankle during Dyad trials, (D) Dyad and Playback trials for the wrist and
(E) Dyad and Playback trials for the ankle. Vertical shaded areas indicate significant differences in the hypothesis tests that individuals improved
differently as a function of partner ability for each combination of conditions.

conditions. To the best of our knowledge, this was the first
study to compare such behaviors across the upper and lower
limbs using the same robotic infrastructure for the joints tested
(i.e., wrist and ankle).

A. Similar Tracking Improvements for the Wrist and Ankle
Comparing the wrist and ankle, we observed very similar

trends in tracking improvements during real-time, bidirectional
interaction with a partner. At both joints, individuals per-
formed the 1-DoF tracking task better while connected to their
partner in real-time versus alone; the magnitude of these track-
ing improvements were dependent on each partner’s ability
(i.e., worse partners improved more than better partners). This
finding is well-established and consistent with previous upper-
[1], [3] and lower-limb [8], [9] studies involving compliant
physical interaction between healthy individuals. However,
generalization of findings across the upper and lower limbs
was previously limited as these studies utilized different robots
and limb postures in their experimental setups. Our work fills
this gap, showing that dyadic tracking improvements can be
similarly leveraged at the wrist and ankle, as long as the virtual
connection stiffness is selected appropriately for the joints of
interest.

A secondary, but noteworthy finding in this work was the
similarities observed for the ankle and wrist during trials with-
out interaction between partners (i.e., tracking alone). Whether
trajectories were presented without or with visual noise,
we found no difference in participants’ tracking errors across
joints. Solo tracking errors were highly correlated between the
ankle and wrist (without noise: r = 0.86; with noise: r = 0.74),
meaning that the skill level of each participant generalized
well across joints. Daily tasks involving these human systems
are quite different, as the upper limb is typically involved
in discrete, goal-directed activities like reaching and manip-
ulation while the lower limb performs rhythmic behaviors
like stepping. In contrast to the cortical-driven control of the
upper limb, it is known that spinal networks are essential for
locomotion in the lower limb [23], and that their function
tends to be less mutable over short-term periods than cortical
networks [24], [25]. Despite these distinctions, our findings are
in line with previous work involving goal-directed “pointing”
tasks for the ankle and wrist [15], [16], suggesting that the
central nervous system uses a similar feedforward strategy
to control the position of the foot or hand during ballistic
movements. Our results suggest that the wrist and ankle are
capable of similar performances during continuous dynamic
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Fig. 5. Changes in co-contraction relative to partner ability were only observed for the wrist, as better partners co-contracted more than worse
partners; for the ankle, participants maintained similar levels of co-contraction regardless of their partner’s ability. Normalized co-contraction during
Dyad and Playback trials plot with respect to the difference in each partner’s solo performances are shown for the (A) wrist and (B) ankle. Linear
mixed effects model fits are compared between (C) the wrist and ankle during Dyad trials, (D) Dyad and Playback trials for the wrist and (E) Dyad
and Playback trials for the ankle.

tracking at relatively slow speeds (|θ̇ | < 40◦/s) as well, though
kinematic modeling of these behaviors could be tested further
in future work.

B. Unique Muscle Co-Contraction Strategies Across
Joints

Though we observed similar tracking improvements for
the wrist and ankle during bidirectional interaction, the two
joints differed in terms of muscle activation during the task.
Specifically, at the wrist, individuals modulated co-activation
of their antagonist-agonist muscles according to the ability
of their partner, perceived via the virtual connection; this
was demonstrated by larger normalized co-contraction values
exerted by the better partner in the dyad compared to the
worse partner. However, it is important to note that, though
significant, the magnitude of these co-contraction changes was
relatively small in magnitude. For the ankle, co-contraction
was not dependent on partner ability and remained relatively
constant for each individual across the tracking conditions.
Despite these observed differences, our results for the ankle
and wrist indicate that improvements in tracking performance
can be achieved without or with changes in co-contraction of
the interacting partners for these two joints, respectively.

In general, co-contraction changes in a predictable manner
during the learning of novel tasks, as individuals decrease
co-contraction to minimize metabolic cost and increase
co-contraction to improve accuracy in response to the pre-
sented environment or task [26]. Co-contraction of the upper
limb has been well-studied in the context of dynamic tasks
like reaching [27], drumming [28], and trajectory tracking [5].
In the lower limb, co-contraction has primarily been studied
during whole-body, loaded conditions such as walking [29]
and balancing [30], and less extensively studied during iso-
lated, dynamic tracking. Our previous work [9] showed modest
changes in ankle co-contraction and overall muscle activation
for better partners during dyadic tracking; however, these
changes were primarily observed in a condition where indi-
viduals were rigidly connected with a very stiff spring. In the
context of the compliant interaction studied in this work, it is
possible that it is not advantageous or natural to modulate
co-contraction with the ankle as observed at the wrist. This is
supported by evidence that ankle co-contraction alone is not
enough to ensure stability in unstable environments; instead,
volitional descending control, associated with longer delays,
is necessary to stabilize the system [31], [32], [33]. Therefore,
our observed differences could indicate key differences in
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stiffness control strategies between the upper and lower limbs
during dynamic tracking tasks featuring external forces.

C. Benefits of Bidirectional Interaction Depend on
Partner Ability

Comparing the task performance effects of uni- and bidi-
rectional interaction, we found that only the bidirectional
interaction allowed both partners to improve their tracking
performance, compared to tracking without any interaction,
across the full range of partner abilities. This finding was
observed for both the ankle and the wrist, as better partners
experienced greater tracking improvements when connected
to their partner in real-time compared to a recording of their
partner’s trajectory. It is important to note, however, that
the worse partner in the dyad improved similarly whether
or not they were connected to their partner in real-time.
This differs from the results of Ganesh et al. [1], which
reported that both better and worse partners tracked targets less
accurately when connected to a pre-recorded trajectory during
a 2-DoF upper-limb task. As this previous work involved
2-DoF reaching movements under an imposed visuomotor
rotation, it is possible that this discrepancy in findings is
related to task complexity during dyadic interaction; real-time
partner responses may be more important during less con-
strained tasks involving adaptations to visual transformations,
compared to simple 1-DoF tracking under visual noise. Our
findings could also be attributed, in part, to our rescaling
of the virtual stiffness during the unidirectional connection,
emphasizing the importance of considering the human stiffness
elements involved in the interaction which resulted in a lower
virtual stiffness implemented during the unidirectional trials
compared to bidirectional.

Similarities between the worse partners’ uni- and bidirec-
tional tracking improvements suggest that, for less skilled
individuals, simply being connected to a reference trajectory
which is closer to the target trajectory (i.e., the better part-
ner’s trajectory) is sufficient for improving task performance
during training; this strategy of providing assistance towards
a predefined reference is often implemented in rehabilitation
robotics to demonstrate desired movements to impaired indi-
viduals [34], but its effectiveness in enhancing motor learning
can be limited depending on the task constraints and the
skill level of the individual [35]. As our study focused on
task performance effects rather than changes in individual
learning, it is an open question whether interaction with a
reactive partner, interaction with a human partner’s trajectory,
or interaction with a “perfect” reference trajectory is the
most appropriate strategy for training in healthy individuals
or populations with sensorimotor impairments.

D. Modeling Dyadic Improvements
To explain the mechanism of improvements during bidirec-

tional interaction with a partner, two distinct models have been
proposed for the upper and lower limbs, respectively. Previous
work on upper-limb dyadic behaviors has emphasized the role
of mutual adaptations in movement planning by each partner
during the interaction [2], [3], [10]; when tracking a randomly

moving target, individuals are suggested to improve their
tracking performance as they infer the target’s movement from
the haptic information received from their partner. Instead,
our work in the lower limb suggests a mechanism for these
improvements based solely on the interaction mechanics [8],
[9]; individuals are assumed to track targets independently and
any observed improvements are effectively a weighted average
of two partially correlated trajectories (i.e., two users following
a common trajectory), considering the spring-series connection
between two human joints which are virtually connected.
In this mechanics-based model, changes in movement planning
are not accounted for, therefore the real-time responses of each
partner are considered negligible.

As we observed a deterioration in performance during
unidirectional trials compared to bidirectional, this would
suggest that real-time responses between partners contribute
significantly to the tracking improvements observed during
dyadic interaction at the wrist and ankle. Interaction mechan-
ics may also contribute to these improvements, but it is
likely that partners additionally co-adapt their movement
strategies to maximally improve their tracking performance
during the interaction. Future work could develop a model
which considers both the interaction mechanics and changes
in movement planning to characterize the relative contribu-
tion of each component during dyadic interaction. Based on
our observed differences in co-contraction modulation across
joints, changes in mechanics due to volitional muscle activa-
tion may contribute less to improvements during bidirectional
interaction at the ankle compared to the wrist. It is also
possible that movement-dependent changes in joint stiffness,
namely passive and reflex stiffness components [36], may
contribute differentially to mechanics-related improvements
in the wrist and ankle during the interaction. However, both
of these interpretations cannot be concluded with the current
experimentation and require further investigation.

E. Limitations
One limitation of this study is the selection of partner

stiffness values used in the rescaling of the virtual stiffness
during the unidirectional condition. Though we assumed that
partner stiffness would change as a function of partner ability,
this was only suggested by the trends in wrist co-contraction,
but not for the ankle. Co-contraction can give an indication
of how the active component of joint stiffness may change
during the task, however, it is not a direct measure of joint
stiffness. Furthermore, the range of partner stiffness values
used in our experimentation was based on isometric data
published previously for the wrist and ankle [18], [19] and it is
known that stiffness of human joints can decrease considerably
from postural tasks to dynamic movements [36]. Because we
defined the partner stiffness values based on our hypothesis
that stiffness would change as a function of partner ability,
rather than attempting to estimate the stiffness during tracking,
this may have affected the perceived virtual environment when
participants experienced the unidirectional condition compared
to the bidirectional interaction.

Despite this limitation related to the estimation of joint stiff-
ness, we believe our presented findings are still relevant and
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can be leveraged in future applications of this unidirectional
configuration. Using our empirically generated functions to
rescale the stiffness of the virtual connection during Playback
trials resulted in a larger range of virtual stiffness values
implemented for the better partner (−110% < 1ep

s < 0%;
K wrist

v ∈ [0.7, 1.9] Nm/rad, K ankle
v ∈ [7, 19] Nm/rad) but

a much smaller range for the worse partner (0% < 1ep
s <

50%; K wrist
v ∈ [1.9, 2.3] Nm/rad, K ankle

v ∈ [19, 23] Nm/rad).
As we observed similar tracking improvements during Dyad
and Playback trials, only for the worse partners in each pair,
this suggests that the worse partner’s improvements can be
maintained by using a smaller virtual stiffness in the unidirec-
tional application compared to the bidirectional application.
The range of virtual stiffness values we implemented for the
worse partner gives an idea of how much this virtual stiffness
should be reduced (approximately 50%) with respect to the
bidirectional implementation.

To address this limitation and appropriately quantify the
joint stiffness of interacting users, wrist and ankle stiffness
should be estimated using kinematic responses to torque
perturbations during the tracking task [37]. This estimation
method would also provide a continuous measure of joint
stiffness, which would allow analysis of changes in mechanics
within the trajectory tracking trials during different haptic
conditions. However, this approach is not straightforward, as a
large quantity of repeatable movements is necessary to produce
accurate estimates of joint impedance [38]. In the context of
our dynamic tracking task, this presents a challenge as the
target trajectories are designed to appear “random” to prevent
memorization of the target’s movement, resulting in a few
overlapping segments across multiple trials of the same haptic
conditions. In addition, external torque perturbations, which
are used to estimate stiffness, must be designed in a way
that they do not interfere with the torque feedback transmitted
between partners during the interaction.

One other limitation relates to the reported magnitudes
of tracking improvements during the Haptic trials (i.e.,
Dyad, Playback). Tracking improvements were computed
with respect to baseline errors during tracking trials without
interaction (i.e., Solo), which always preceded the Haptic
trials. It is possible that individual learning following the
Solo trials contributed, in part, to the tracking improvements
reported. However, it is important to note that learning (i.e.,
an improvement in Solo trial performance) would influence
the magnitude of tracking improvements equally for Dyad
and Playback trials: our primary comparison in this work.
In addition, the range of improvements we observed in our
Haptic trials was quite similar to those obtained in previous
dyadic studies involving 1-DoF tracking at the wrist [3] and
ankle [9], suggesting that the effect of learning was small if
present.

V. CONCLUSION

During a 1-DoF trajectory tracking task, we found that
bidirectional physical interaction between healthy individuals
coupled at the wrist and ankle, respectively, results in simi-
lar trends of tracking improvements across joints. This was
observed despite distinct muscle activation strategies across

joints, as participants connected at the wrist co-contracted
more when paired with a worse partner while participants
connected at the ankle did not modulate co-contraction.
In addition, we found that worse partners improved similarly
during uni- and bidirectional interaction, while better partners
were negatively affected by the unidirectional connection to
the worse partner. Together, these results suggest that partners
leverage some combination of the virtual interaction mechan-
ics and adaptations in movement planning to maximally benefit
while interacting in real-time; however, additional modeling
work is necessary to characterize the relative contributions
of mechanics and adaptations in planning for the wrist and
ankle, respectively. Similarities in the response to uni- and
bidirectional connections across the upper and lower limbs
demonstrate that the benefits of human-human physical inter-
action generalize across these human systems for simple
1-DoF tracking tasks. As this work was tested in healthy
individuals, future work should explore these behaviors in
populations with sensorimotor impairments to determine the
functional benefits of interacting with a partner during reha-
bilitation compared to conventional approaches in robotic
assistance.
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