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Stroke rehabilitation often involves the use of haptic robots to improve motor control and bimanual coordination.
This study examines how damping affects movement and force dynamics in bimanual tasks performed by healthy
participants and participants with chronic stroke using a haptic robotic system equipped with force sensors for
each hand. Participants completed tasks at three damping levels: 0 %/s (no damping), 20 ml/s (low damping), and

40 mi/s (moderate damping). Key parameters for trajectory of movement, velocity, manipulation force, and inter-

nal force were analyzed to assess movement stability and control. The results revealed that damping 20 mi/s effec-
tively stabilized movements in persons with stroke, reducing velocity deviations and making their performance
more comparable to healthy participants, without introducing excessive resistance. In contrast, damping 40 %/g
acted as resistance training. Participants with stroke exhibited consistently higher internal forces than healthy
participants, reflecting compensatory strategies and inefficient motor control. These findings demonstrate that

low damping (20 mih) offers an optimal balance between movement stabilization and resistance, highlighting its

potential as a rehabilitation strategy, while moderate damping (40

N

o ) may be reserved for resistance training.
s

1. Introduction

Stroke is a major cause of long-term disability, often impairing upper
limb function and motor control [1]. Since many daily tasks depend on
coordinated bimanual movements [2,3], restoring arm use is essential
for functional independence. To address these impairments, rehabilita-
tion strategies increasingly focus on restoring coordinated movements.
Research by Rose [4] emphasized the potential of bimanual training to
enhance motor recovery post-stroke, suggesting that coordinated bilat-
eral movements could facilitate paretic limb performance by leverag-
ing interlimb coupling effects, such as increased peak velocity during
rapid aiming tasks. Recent meta-analyses confirm that bimanual train-
ing, especially when assisted by haptic robots, improves upper limb
function in individuals with stroke, including those in chronic stages
[5-8]. These interventions promote dexterity, grip strength, and func-
tional gains, possibly through contralesional hemisphere involvement.
Effective bimanual coordination requires both trajectory and force con-
trol [9], yet conventional assessments are often subjective, coarse, and
lack real-time feedback-limiting their utility for adaptive rehabilitation
[10].

* Corresponding author.
E-mail address: janez.podobnik@fe.uni-lj.si (J. Podobnik).

https://doi.org/10.1016/j.bbe.2025.07.002

Haptic robots address these limitations by offering precise, objective
measurements of movement, force, and velocity while ensuring con-
trolled, repeatable conditions [11-13]. Systematic reviews, including
those summarized by Yang et al. [5], highlight that end-effector devices
like the HapticMaster, are particularly effective for improving proximal
arm function, such as reaching tasks, which are integral to bimanual co-
operative protocol. Haptic interfaces enhance motor learning and inter-
limb coordination by providing real-time force feedback [4]. Adjustable
difficulty and resistance levels allow standardized comparisons across
individuals and sessions. Integration with virtual environments further
enhances engagement and provides real-time feedback for movement
adjustments.

Kanak et al. [7] state that bimanual movements can be classified
by task goal, distinguishing between independent and common task
goals. Within common task goal category, further distinction is made
between parallel tasks, where interaction between arms is not neces-
sary, and cooperative tasks, which require coordination between the
limbs.

Resistance training, achieved through velocity-dependent damping
in robotic devices, applies controlled resistance to the hemiparetic limb,
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improving motor control and strength [14-17]. Robotic devices achieve
this through constant forces or velocity-dependent viscous resistance,
where resistance increases with movement speed. The latter can be ad-
justed by modifying the damping coefficient.

While the benefits of damping in motor training are increasingly rec-
ognized, the selection of specific damping values remains largely empir-
ical. Prior studies suggest that moderate values, typically in the range
of (10-50 ml/s), provide sufficient damping to stabilize movement with-
out compromising voluntary control [12,18,19], supporting the minimal
intervention principle, which posits that only task-relevant deviations
require correction [20].

Evidence from clinical and preclinical studies shows that damping
can improve performance: adaptive damping reduced hand oscillations
in bimanual laparoscopic tasks [21], and spring-damper assistance im-
proved tracking and interaction forces compared to undamped settings
[22,23]. However, most prior work emphasizes stiffness, with the role
of velocity-dependent damping remaining underexplored. Kiiciiktabak
et al. [22] in his review concluded that additional study of the effect of
velocity-dependent forces on task performance is warranted.

This study examines bimanual movement trajectories in persons with
stroke using a specially designed bimanual haptic robot system. To ad-
dress the limited understanding of velocity-dependent damping in bi-

manual training, we systematically varied damping levels (0 mi/s, 20 mi/s,

and 40 ml/s) to examine their effects on bimanual coordination in healthy
and stroke participants. The low level (20 %) was selected to pro-
vide minimal stabilization without resistance, while the moderate level
(40 mi/s) introduced resistance without inducing fatigue. These values
were chosen based on pilot testing and prior studies in haptic interac-
tion and stroke rehabilitation [12,24]. Using a custom bimanual haptic
robot equipped with independent force sensors for each hand, we an-
alyzed how these damping levels influence movement trajectories and
interaction forces during cooperative tasks requiring coordinated bilat-
eral effort. Specifically, we investigated trajectory, velocity, manipula-
tion forces (the sum of left and right forces that move the robot), and
internal forces (the difference between left and right forces that do not
contribute to movement). This approach enables a detailed evaluation
of how damping influences movement stability, coordination strategies,
and compensatory behaviors in bimanual motor control.

haptic robot

handle device

a
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2. Methodology
2.1. Participants

Both healthy participants and participants with chronic stroke were
included in the study. The study included 13 participants with chronic
stroke (8 male, 5 female; aged 45-83 years, mean 57 +£11) and 25
healthy participants (19 male, 6 female; aged 23-72 years, mean
36+15). All participants were right-hand dominant. Among partici-
pants with chronic stroke, 8 had right arm paresis and 5 had left arm
paresis, with post-stroke duration ranging from 5 to 27 years (mean
12 +9). This chronic phase (typically defined as > 6 months post-stroke)
suggests that motor recovery may have plateaued for these participants,
potentially influencing task performance due to established compen-
satory strategies [25,26]. The study was approved by the Medical Ethics
Committee of the Republic of Slovenia (80/03/15). All participants in
the study signed a consent form on participation and use of data for
scientific purposes.

2.2. Bimanual robotic measurement system

The experimental setup comprises a HapticMaster (MOOG FCS)
robot with an added rotational degree of freedom and a custom instru-
mented handle for independent bilateral force measurements. The sys-
tem, shown in Fig. 1, features three primary degrees of freedom plus the
additional horizontal rotation to enable complex movements.

The handle system (Fig. 2a) incorporates dual JR3 50M31 6 DOF
force/torque sensors to measure three-directional forces from each arm
independently. These sensors provide force data during bilateral coor-
dination. The local coordinate frame is shown in Fig. 2a. For partici-
pants with limited grip strength, an ergonomic brace was used to secure
the impaired limb without compromising task performance or comfort
(Fig. 2b).

Force sensors measure interaction forces, enabling admittance-
controlled bimanual manipulation where the haptic robot responds to
applied forces. This algorithm runs in the xPC Target real-time environ-
ment (The MathWorks Inc.) using MATLAB and Simulink. The haptic
robot is velocity-controlled via a PID servo loop, with v, as the ref-
erence input [27]. Reference velocity v, is calculated by integrating

' UI for subject

Fig. 1. The figure depicts the experimental setup, featuring a HapticMaster haptic robot, a handle device with two F/T sensors for measuring hand forces, and
a projection screen displaying targets and the robot’s position marker (subfigure a). Subfigure (b) illustrates participants performing the task within the global

coordinate frame, with movements in the YZ plane and rotations around the X-axis.
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handle

ergonomic brace

b

Fig. 2. The figure shows an instrumented handle system with two F/T sensors—one for each hand-and its local coordinate frame. Rotations occur about the X-axis
(subfigure a). Subfigure (b) shows how participants place their hands on the instrumented handle with attached ergonomic brace (annotated with red border).

desired acceleration a, which is calculated from forces. The following
set of equations gives the control algorithm:

m-a,=F, +Fp—Fp, m

Fp=B-v,, 2)
F, +Fp—-B-v

ad:%’ 3

vy = [a,dt @

Equation (1) defines desired acceleration a, as proportional to the
sum of forces, with virtual mass m = 3,kg, F; and Fy as forces from left
and right sensors, and F, as resistance force. Equation (2) states F,
is proportional to velocity v,, and damping B. Equations (3) and (4)
calculate a,; and desired velocity v,, respectively. The global coordinate
frame is shown in Fig. 1b.

The system includes a virtual environment created in Unity
3D (Unity Technologies), offering real-time visual feedback on task
progress. It features automated data processing for efficient han-
dling of sensor measurements, enabling detailed analysis of movement
trajectories and force dynamics, allowing this study to investigate bilat-
eral coordination in chronic stroke and healthy individuals.

2.3. Tasks in virtual environment

The task assessed bilateral upper-limb coordination in a virtual envi-
ronment. While the haptic robot supports 4 DOF, the task was limited to
3 DOF: 2 translational movements in the frontal plane and 1 rotational
movement around the sagittal axis. The primary goal was to align a
tracking object with a predefined target in the frontal plane (see Fig. 1b).
The user was required to use both limbs in coordination, ensuring that
the tracking object covered the target object accurately.

The task included 16 sequential targets appearing in a predefined
order (see Fig. 3), with movements between consecutive targets. Diffi-

. . . N N N
culty was adjusted using damping values of 0 o 20 e and 40 —

m
introducing resistance to user movements. !
Visual feedback was implemented in Unity3D, allowing interactivity.
The participant’s movements were mirrored in the virtual environment,
with the tracking object reflecting the bimanual handle’s position and
orientation in real-time. The target object appeared as a white rectangle,
and the tracking object as black (see Fig. 1b). When close to alignment,
the tracking object turned yellow. Upon meeting position and orien-
tation criteria (including minimizing undesirable rotations around the
X-axis to align with the target orientation of 0°), it turned green, signal-
ing target was properly reached. The system allowed deviations of up to
2 cm in position and 5° in orientation in global frame of the robot. These
constraints are visualized in Fig. 3, which includes a global reference
frame and markers illustrating the position and orientation margins ap-
plied to all targets. Alignment had to be maintained for 3 seconds before
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Fig. 3. Target positions and their sequence are indicated by numbered labels.
The global coordinate frame is shown along with green dashed markers that
illustrate the task constraints: a circle representing the maximum allowed posi-
tion error, and two lines indicating the orientation error range. These constraints
apply to all target locations and are shown at the global origin for reference.

the target disappeared and a new one appeared. This process repeated
until all 16 targets were covered in three iterations.

2.4. Measurement protocol

All participants provided informed consent and performed the task
standing, including both healthy participants and participants with
stroke.

Before starting, participants were briefed on the haptic device and
shown its operation. They were positioned in front of a 1.4mx 1.4m
screen displaying the virtual environment, with the handle centered
along their body’s vertical axis. The handle’s distance was adjusted so
that participants’ upper arms remained close to their body in the initial
position (see Fig. 1b). Participants were instructed to align the track-
ing object with the target using coordinated bimanual movements. Af-
ter a brief demonstration, they performed practice trials to familiarize
themselves with the task, receiving feedback and corrections from the
supervisor as needed. The practice session lasted about 3 minutes. For



Podobnik et al.

participants with impaired grip, a brace was used to secure their hand to
the handle, remaining in place throughout the task. Participants were
instructed to perform the task calmly and at their own pace, with no
time constraints, ensuring they could complete it comfortably. The en-
tire protocol for each participant took approximately 15-20 minutes to
complete, though no time limits were imposed.

An essential element of the study was the ability to adjust the level
of damping. Damping was introduced in the task through three levels,
set at 0 ml/s, 20 %, and 40 ml/s The protocol included three repetitions
per damping level, totaling 48 movements per condition and 144 move-
ments overall. Short breaks were allowed between damping levels.

2.5. Methods for analysis of measurements

During measurements, key signals were recorded to measure partic-
ipant interactions with the haptic robot, including the end-effector posi-
tion and forces from both right and left hand sensors. This setup enabled
precise monitoring of bimanual coordination and force application. For
analysis, trajectories were segmented into movements between targets.
Fig. 4a shows segmented trajectories for all participants, both healthy
and with chronic stroke. Velocity was derived by differentiating position
data, and force signals were similarly segmented, enabling comparative
analysis of movement and force patterns between groups.

The manipulation force, which moves the robot, was calculated as
the sum of forces from the left and right sensors in the global coordinate
frame:

Fman = FL + FR' (5)

The internal force, representing forces on the handle that do not con-
tribute to movement [28], was computed as:

FL,I()L‘ - FR,Ioc

F )
2

(6)

int —
where F; . and Fg,, are forces in the handle’s local coordinate
frame. In this frame, the y-axis points from the left to the right sensor,
and the z-axis points upward. The local coordinate frame is shown in
Fig. 2a.

Forces along the local handle y-axis indicate compressive (positive
internal force) or tensile (negative internal force) forces on the handle.
Forces along the z-axis cause rotation around the x-axis, requiring cor-
rection to align the handle with targets set at 0° rotation, as shown in
Fig. 3.

2.5.1. Variability parameters

Fig. 4a shows 16 plots, one per target, displaying trajectories for both
healthy participants (blue) and participants with stroke (red). Fig. 4b
presents polygon patches enveloping these trajectories. Each patch rep-
resents the area containing 90 % of the signal data, excluding the upper
and lower 5% of data points as outliers. Healthy participants’ patches
are blue, and participants with stroke are red. The area of each polygon
patch was calculated, yielding parameter V;- for trajectories. Similar cal-
culations were performed for (a) velocities, resulting in the parameters
V,,, (b) manipulation forces, resulting in the parameter V,,, and (c) in-
ternal forces, resulting in the parameter V;. Figs. 5a and 5b show the
polygon patches for manipulation force and internal force, respectively.

2.5.2. Direction parameters

Velocity and manipulation force were decomposed into two compo-
nents. For each target, a unit vector ¢ was calculated, pointing from the
starting position (initial or previous target) to the current target. A per-
pendicular unit vector e, (perpendicular to ¢|) in the YZ plane was also
computed. Velocity and manipulation force were projected onto these
vectors, yielding: (a) o) and F Ml (parallel to movement direction) and
(b) v, and F,,, (perpendicular to movement direction). Additionally,
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Table 1

Table displaying p-values from statistical tests comparing healthy participants
and stroke participants across damping levels. Italic numbers indicate p-values
between 0.05 and 0.01, and bold numbers indicate p-values below 0.01.

pus  BO B20 B40 BO B20 B40
Vi 0.249 0.367 0.775 Viu 0.006 0.561 1.000
v, 0.014 0.270  1.000 V;,  4.2E-06 4.2E-06 4.2E-06
o) 0.058 0.683 0.095 Fyy 0.086 0.340 0.086
vy 0.053 0.035 0.104 Fy 0.010 0.065 0.115
Uny 7.7E-04 0.009 0.025

Table 2

Table displaying p-values from statistical tests comparing damping levels.
Italic numbers indicate p-values between 0.05 and 0.01, and bold numbers
indicate p-values below 0.01.

Parameter V- Parameter Vi),

PBoB20 PBoBao Pp2oB4o PBoB20 PBoBao PB20oBdo
H 0.927 0.683 1.000 H 0.927 0.007 0.058
S 0.683 0.425 1.000 S 1.000 0.728 0.249
Parameter V, Parameter V.,

PBoB20 PBoB4o PB20B40 PBoB20 PBoB4o PB20B40
H 0.018 0.003 0.775 H 1.000 0.001 0.006
S 7.7E-04 7.3E-05 0.292 S 2.3E-04 0.292 0.340
Parameter v Parameter Fy

PBoB20 PBoB4o PB20B40 PBoB20 PBoB4o PB20Ba0
H 0.340 0.425 1.000 H 4.2E-06 4.2E-06 7.3E-05
S 1.000 1.000 0.927 S 6.1E-06 4.2E-06 1.3E-05
Parameter v, Parameter F),,

PBoB20 PBoBao Pp2oB4o PBoB20 PBoBao PB2oB4o
H 0.009 0.001 0.683 H 1.000 0.211 0.164
S 0.008 4.9E-04 0.150 S 0.728 1.000 0.775
Parameter vy

PBoB20 PBoB4o PB20B40
H 0.039 0.004 0.927
S 0.005 4.2E-04 0.340
Parameter Fj. Parameter F;p

PBoB20o PBoB4o PB20B40 PBoB20o PBoB4o PB20Bao
H 0.367 1.8E-05 0.011 H 0.395 0.002 0.095
S 1.000 1.000 1.000 S 1.000 1.000 1.000

vy, was calculated by normalizing v, by v, representing the normal-
ized perpendicular velocity component. This decomposition allowed de-
tailed analysis of movement dynamics, distinguishing between intended
and deviating components.

Internal force was similarly decomposed in the handle’s local coor-
dinate frame into: (a) compressive force F;- (along the y-axis) and (b)
rotational force F; (perpendicular to the y-axis, causing handle rota-
tion).

Parameters for each target were aggregated into 16-value vectors,
used to generate box plots showing medians and quartiles for healthy
and stroke participants. Normality of the data distributions for parame-
ters (Vr, Vi Vins VEr V) Uis Unis Farps Faos Fres Frr) was assessed
using the Shapiro-Wilk test. Non-normality was observed in a subset of
parameters (p < 0.05), prompting the use of non-parametric statisti-
cal tests to ensure robustness. For between-group comparisons (healthy
vs. stroke) in Table 1, the Kruskal-Wallis test was applied to assess dif-
ferences at each damping level (BO, B20, B40). Bonferroni correction
(factor of 3) was used to control the family-wise error rate, with ad-
justed p-values reported as significant at (« = 0.05). For within-group
comparisons in Table 2, the Friedman test was used to evaluate differ-
ences across damping levels (B0, B20, B40) within each group (healthy
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(b) Polygon patches for trajectories

Fig. 4. Trajectories for healthy participants (blue) and stroke participants (red) at 0Ns/m damping. Subfigure (a) displays trajectories, with circles marking target
positions and "x" marks indicating previous targets. Subfigure (b) shows polygon patches for these trajectories.

and stroke). When the Friedman test indicated significant differences
(p < 0.05), post-hoc Wilcoxon signed-rank tests with Bonferroni correc-
tion (factor of 3) were performed for pairwise comparisons (B0 vs. B20,
B0 vs. B40, B20 vs. B40), with adjusted p-values significant at (« = 0.05).
MATLAB analysis code, and data are available at GitHub.!

3. Results

This section presents the effects of damping on movement and force
dynamics in healthy and chronic stroke participants, analyzed through
trajectory, velocity, and force parameters across three damping levels.
Fig. 4a shows individual trajectories for each target, with healthy par-
ticipants in blue and stroke participants in red. Corresponding poly-
gon patches are displayed in Fig. 4b. Figs. 5a and 5b present polygon
patches for manipulation and internal forces, respectively. Fig. 6 sum-
marizes variability parameters for trajectories, velocities, manipulation
forces, and internal forces across all targets, grouped by damping lev-
els: BO (0 mi/s), B20 (20 ml/s), and B40 (40 mi/s). The boxplots compare
healthy (H) and stroke (S) participants, as well as different damping
conditions.

Statistical analysis of Vi, V,, Vp) and Vp; parameters between
healthy and stroke participants is presented in Table 1. No signifi-
cant differences were found in V; at any damping level, indicating
trajectory patterns alone cannot distinguish the groups. For velocity,
significant differences occurred only at BO, with no differences at B20
or B40, suggesting damping stabilizes movement and reduces group dis-
parities. Similarly, V), showed significant differences only at BO, mir-

! https://github.com/janezpodfe/BimanualTaskStrokeStudy
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roring the velocity trend. In contrast, V; exhibited significant differ-
ences across all damping levels, making it the most sensitive parameter
for differentiating groups.

Table 2 provides p-values for comparisons between damping levels
(BO, B20, B40) within each group. Trajectory parameter V;- showed no
significant differences across damping levels for either group, confirm-
ing damping has minimal impact on trajectories. For velocity, signifi-
cant differences were observed between BO and B20 and B40 but not
between B20 and B40, indicating minimal damping reduces velocity
variations, with no additional benefit from higher damping. For V,,,
healthy participants showed significant differences at B40 compared to
B0, suggesting a resistance training effect at medium damping. Stroke
participants exhibited no significant differences, though the lowest V.,
values occurred at B20 (see Fig. 6), hinting at potential stabilization. For
Vi1, healthy participants showed significant increases at B40 compared
to BO and B20, supporting a resistance effect. Stroke participants ex-
hibited significant differences between BO and B20, with B20 minimiz-
ing internal forces, potentially stabilizing movements without resistance
training.

Figs. 7 and 8 show directional parameters, highlighting group dif-
ferences and damping effects. Fig. 7 presents velocity parameters: v
(toward the target), v, (deviating from the path), and vy, (normal-
ized deviation). No significant differences in Y| (Table 1) occurred at
any damping. For vy, significant differences were observed across all
damping levels, with stroke participants exhibiting larger deviations
(Table 1). While v, values were comparable, higher v, and vy, val-
ues in stroke participants highlighted greater deviations from straight-
line movements. When comparing damping levels within groups
(Table 2), v, showed no significant differences. For v, and vy,
stroke and healthy participants exhibited decreasing values with higher
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damping, indicating improved stability. For v, and vy, in both groups,
significant differences occurred between B0-B20 and B0-B40, with no
differences between B20 and B40, suggesting minimal damping effec-
tively reduces deviations.

Fig. 8 illustrates manipulation force parameters: F), (along the
movement path) and F,,, (deviating from the path). No significant
differences in Fj, between stroke and healthy participants (Table 1)
were observed at any damping level. Significant differences in F,,, be-
tween stroke and healthy participants (Table 1) occurred at BO but not
at B20 and B40, where stroke participants approached healthy levels,
indicating damping stabilizes force application. When comparing damp-
ing levels (Table 2), Fuy showed significant differences across all levels
for both groups, reflecting increased effort under higher damping. For
F); 1, healthy and stroke participants showed no significant differences,
though the lowest values occurred at B20.

Two boxplots on the left side of the Fig. 8 presents internal force
parameters: F;- (compressive forces) and F;y (rotational forces). Sig-
nificant differences between groups occurred across all damping lev-
els (Table 1, p < .001), with participants with chronic stroke exhibiting
consistently higher internal forces, indicating excessive force applica-
tion. When comparing damping levels (Table 2), healthy participants
showed significant increases in F;. and F; at B40 compared to BO and
B20, reflecting resistance effects. Stroke participants exhibited no signif-
icant differences, though slight decreases in F;- at B20 were observed,
suggesting limited damping effects on internal forces.

4. Discussion

This study examined how damping influences bimanual coopera-
tive tasks in healthy and chronic stroke participants, using a haptic
robot with dual force sensors to assess movement and force dynam-
ics. The task required explicit interlimb coordination, engaging neural
pathways often impaired post-stroke [7,29]. Our system is build upon
related concepts as presented in [4], requiring simultaneous limb coor-
dination to engage the beneficial temporal and spatial coupling mech-
anisms for motor recovery. Adjustable damping and real-time haptic
feedback, consistent with the motor learning benefits of robotic train-
ing reported by Yang et al. [5], enabled us to investigate the effects of
damping on bimanual coordination. Our results show distinct effects of
damping on movement and force, revealing group-specific differences.
Damping’s role in stabilizing task-relevant dimensions (task space) while
tolerating variability in task-irrelevant dimensions (null space) aligns
with the minimal intervention principle [20]. Notably, trajectory vari-
ability remained unaffected across damping levels, indicating that tra-
jectories alone do not distinguish between groups or capture damping
effects.

To interpret damping’s effects, we draw on motor control theories.
The finding that damping has virtually no effect on trajectory shows the
robustness of human sensorimotor control, as it demonstrates the ability
to prioritize control over task-relevant dimensions, or task space, while
allowing flexibility in task-irrelevant dimensions, known as null space.
In our task, participants maintained consistent trajectories (task space)
despite varying damping, focusing control on target acquisition while
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tolerating force pattern variability (null space). This behavior is con-
sistent with the minimal intervention principle [20], which posits that
the motor system corrects only deviations that interfere with task goals.
Similarly, Mistry and Schaal [30] describe how humans achieve precise
outcomes by tightly regulating task space variables while exploiting null
space flexibility to adapt to perturbations. These findings underscore the
efficiency of selective motor control in bimanual tasks and support the
design of haptic systems that accommodate natural coordination strate-
gies in stroke rehabilitation.

Damping influenced velocity parameters differently across groups.
The parallel velocity (v)) remained stable across damping levels, reflect-
ing self-selected speeds consistent with instructions to perform the task
calmly and at their own pace, without time constraints. Higher perpen-
dicular velocities (v ) in participants with chronic stroke suggest less
direct trajectories, consistent with prior reports of segmented and more
variable movements [25,26,29]. Damping significantly reduced devia-
tions, as shown in Table 1 and Table 2 for parameter V,, improving
movement stability in the participants with stroke and aligning their per-
formance more closely with healthy participants. No further improve-
ment was observed at moderate damping (B40), suggesting B20 pro-
vides optimal stabilization without the diminishing returns of higher
resistance.

Consistent significant differences in Fy,, across damping levels
within both groups reflect the need for increased force to maintain
similar velocities under higher damping. Significant differences in the
F),, parameter between healthy and stroke participants at BO highlight
greater force deviations in stroke participants, which is consistent with
their higher trajectory variability and reduced motor control. Damping
B20 and B40 reduced perpendicular manipulation force in stroke par-
ticipants, indicating stabilization effect of damping.

Internal force, reflecting push-pull interactions and undesired han-
dle rotation, was the most sensitive measure for distinguishing groups,
with stroke participants showing consistently higher values across
all damping levels. This is consistent with prior findings that stroke
survivors often rely on inefficient compensatory strategies involv-
ing excessive internal forces [18,31,32]. As suggested by analysis of
parameter Vi, low damping (B20) minimized internal forces in stroke
participants, stabilizing movements without substantial resistance.Mod-
erate damping (B40) compared to no damping (BO) increased internal
and manipulation forces in healthy participants, suggesting resistance
training effects, but provided no additional stabilization for stroke par-
ticipants. The analysis of internal force parameters reveals inefficien-
cies in stroke participants’ motor control strategies, with significantly
higher internal forces indicating reliance on excessive compensatory
patterns during bimanual tasks. These results highlight distinct group
responses: B20 modestly stabilizes stroke performance without impos-
ing resistance, while B40 introduces resistance in healthy participants.
The persistent internal forces in stroke suggest compensatory patterns
are not easily modulated by damping.

Damping affected the two groups differently: B20 improved move-
ment stability in stroke participants without adding resistance, while
B40 introduced resistance training effects. These findings emphasize
the need to tailor damping to individual therapeutic goals. For stroke
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rehabilitation, low damping (B20) may optimize stability of movements,
while moderate damping (B40) might be useful for strength training in
later stages.

Although haptic robot designs often aim to minimize damping [33],
our results suggest that low damping can aid stability without shifting
into resistance training. Similar benefits have been reported in rowing
training with added damping [34]. Recent reviews support resistance
training as a promising, though not yet standard, stroke therapy [35].
B40 may reflect such an approach, offering strength gains during ad-
vanced rehabilitation. Additionally, even light damping could support
individuals with limited tolerance for intensive training [36].

This study’s small and unequal sample sizes (13 stroke, 25 healthy
participants) limits statistical power and generalizability. The wide age
range in the healthy group (23-72 years, mean 36 =15) compared to
the stroke group (45-83 years, mean 57 +11) may introduce confound-
ing effects, as age can influence motor performance [3]. Due to the ex-
ploratory nature of this study, age was not controlled for in the statistical
analyses, which is a limitation. However, the observed damping effects
on movement stabilization in stroke participants are notable and statis-
tically measurable, suggesting the sample was sufficient for detecting
key differences. Future larger, balanced studies may provide additional
support for these findings by enhancing their generalizability.

5. Conclusion

This study demonstrates the effects of damping on movement and
force dynamics in healthy participants and participants with chronic
stroke during bimanual tasks, highlighting the need for tailored damp-
ing levels to optimize rehabilitation. Low damping (B20) effectively sta-
bilized movements and reduced deviations in stroke participants, result-
ing in patterns that more closely resembled those of healthy individuals
without introducing excessive resistance. This demonstrates the mini-
mal intervention principle, as low damping enhances task-relevant con-
trol by stabilizing movements while avoiding overconstraint. Medium
damping (B40) acted as resistance training, potentially aiding strength
recovery in advanced rehabilitation stages, though its use requires care-
ful evaluation to avoid disrupting coordination.

The findings suggest incorporating low to moderate damping, such
as 20 ml/s, in haptic robot control design for stroke rehabilitation. This
approach stabilizes motor actions and reduces variability, aligning with
evidence that low-intensity resistance training enhances recovery in
robot-assisted rehabilitation.
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