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Abstract— Inadequate regulation of grip force during ten-
nis strokes may contribute to wrist and elbow overuse injuries.
Although force transducer technologies such as strain gauge
and piezoelectric sensors can quantify grip force, training
feedback has largely been limited to visual feedback. The po-
tential benefit of proprioceptive haptic feedback in grip force
regulation training remains unclear.This study presents a soft
robotic training system integrating a strain gauge embedded
in a tennis racket for grip force sensing and an pneumatic
actuator that provides proprioceptive haptic feedback. A pilot
study was conducted in one novice tennis player to evaluate
system feasibility and demonstrate its functionality. A passive
force regulation experiment first verified the actuator’s ability
to deliver physical haptic guidance. Then, during the active
force regulation training, differences in learning curve and
retention were observed between visual and haptic feedback
conditions. Learning improvement, quantified as error reduc-
tion from pre- to post-training, reached 39% of the target
force under visual feedback and 37% under haptic feedback.
In retention trials, the root mean square error (RMSE) was
23.6% following visual feedback training and 20.0% following
haptic feedback training. These preliminary findings suggest
potential differences in training efficiency between feedback
modalities. Further studies with larger samples are required
to determine the generalizability of these observations and to
further evaluate the effectiveness of the proposed soft robotic
training system.

I. Introduction

Tennis elbow is a common and serious concern among
tennis players. Repetitive exposure to high forces and
unnatural arm positions during strokes subjects the
muscles and tendons to excessive torque, often resulting
in wrist and elbow injuries such as tendinopathy and
lateral epicondyles [1]. A study of 568 tennis players in a
tennis club aged 20-50 in the northeastern United States
found that 39.7% had been affected by tennis elbow,
including 75 current (incident or recurrent) cases and
136 with a prior history [2]. Among the key risk factors,
inadequate grip force is one of the most prevalent. During
play, a tight grip stiffens the wrist, reducing its ability to
absorb shock and adapt to stroke variations, which can
lead to micro-trauma at the tendon origin of the extensor
muscle group|[3]. The risk becomes greater during off-
center impacts below the racket’s longitudinal axis,
where excessive grip pressure produces high eccentric
wrist extension torques and forced wrist flexion [4].
Conversely, an overly loose grip compromises racket
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stability, which may induce wrist tendinopathy and
reduce overall performance. Simulations have suggested
that wrist flexion and low muscle activation during
ball impact could contribute to repetitive micro-trauma
and lead to injury as well[5]. Although studies have
been done in measuring grip pressure during tennis
playing, approaches that deliver feedback to players
remain unexplored. Recent sensing technologies such
as pressure mat [6], piezoresistive pressure sensors [7]
have been directly used with tennis racket for pressure
measuring. Strain gauges have been used in grip force
measuring within a handler [8]. For feedback providing,
the motor training experiment regarding to grip force
regulation are mainly use the method that visualizing
the error as external cues for motor control [9], [10].
However, motor learning theory emphasizes that skill
acquisition hinges on the formation of internal models
that link sensory feedback to motor commands[11]. If
training relies too heavily on external information (e.g.
constant visual displays), performance can degrade once
those cues are withdrawn, and novices may experience
cognitive overload [12]. Consequently, it is important to
understand whether haptic feedback that supports force
regulation training while preserving natural sensorimotor
integration.

Despite advances in haptics feedback device, there is
a gap in conveying force-magnitude information thorugh
haptic feedback. Many wearable and robotic systems
provide spatial or temporal cues via vibration or pressure
based actuators. However, these signals do not replicate
the proprioceptive/ kinaesthetic information people use
to modulate continuous grip force. To address this,
we propose using a soft-robotic glove that delivers
proprioceptive haptic feedback. Robotic gloves have been
increasingly employed in motor learning and rehabilita-
tion. Various designs, including rigid exoskeletons [13],
[14], robotic actuation systems [15], [16], and pneumatic
gloves [17], have been developed to facilitate the training
of fine motor skills such as dexterity and pinch-force
control. Exoskeleton-based systems primarily target joint
kinematics but often face challenges related to fit, align-
ment, and user comfort. In contrast, soft pneumatic
gloves have been extensively investigated for rehabili-
tation applications, such as providing passive repetitive
assistance or facilitating mirror therapy. Nevertheless,
even when force sensors are included [17], these systems
are typically compensatory rather than designed for
active force-regulation training.



Training Environment \

dallf

Haptic feedback Visual feedback

Error

~7 Time

t 1

AAN haptic feedback (Error & EMG)

Visual feedback (Error)

Resampling & Filtering

Fig. 1: Overall design of system and dataflow. Force and torque signal on the racket and surface Electromyography (EMG) and
inertial measurement unit(IMU) signals were acquired and synchronized. All data streams were collected and resampled, and
synchronized with a fixed delay of 30 ms to enable real-time processing. The resampled data were then processed according
to the desired feedback mode, generating control commands. These output signals were transmitted to both the soft robotic
glove and graogical user interface (GUI) to provide haptic and visual feedback, respectively

In our system, a six-axis load cell was embedded in the
racket grip measures net grip forces and moments. We
calibrate the measurement with EMG signal from exten-
sor and flexor muscle groups. A pneumatic glove delivers
haptic feedback to support active training of grip-force
regulation with an EMG-informed assist-as-need (AAN)
control mechanism. This work is aimed to introduce this
visual-haptic soft robotics training system with all sensor
and device calibration and characteristic. A piolet study
was conducted to demonstrate the functional capability
of the proposed system.

II. Design and calibration of the training system

We developed a tennis racket grip training system
designed to deliver haptic feedback conveying grip-
force magnitude during force regulation tasks. The
overall system architecture is illustrated in Fig. 1. A
six-axis force/torque sensor was integrated into the
racket handle and sampled at 2000 Hz to measure
grip-generated forces and torques. Data were acquired
using a USB-6451 data acquisition device (National
Instruments, USA). This configuration enables high—
temporal-resolution force profiling and allows vibration
signals to be captured for subsequent analysis. Two
Delsys Trigno sensors, equipped with EMG and IMU
modes, were positioned over the Extensor Carpi Radialis
Brevis (ECRB) and Flexor Carpi Radialis (FCR) to
record muscle activity and local kinematics at 1259 Hz.
Data were streamed via the Delsys API using Python. All
signals were resampled to 1200 Hz for synchronization.
A fixed 30 ms delay was introduced to ensure stable real-
time processing. The processed signals were fed into a
feedback algorithm, whose output updated both the soft
robotic glove (haptic feedback) and the visual interface
at a rate of 20 Hz.

Fig. 2 illustrates the sensor implementation and the
pneumatic control system used in the proposed setup.
The force/torque sensor (Schunk SI 125-3, Schunk,

Germany) is embedded inside the grip and mounted to
measure both the normal pressure force and the torque
generated during twisting motions shown as Fig. 2(A,B).
Surface EMG sensors (Delsys, USA) are placed on the
forearm over the extensor and flexor muscle groups to
monitor muscle activity related to grip force generation.
The sensor placement is shown in Fig. 2(C), where
one sensor detects activity in the extensor group and
the other in the flexor group, the two primary muscle
groups responsible for grip control. Haptic feedback is
provided through the pneumatic glove (Yisheng, China)
showed in Fig. 2(D), where the chamber pressure for
each finger can be controlled within a range of —100
kPa to 200 kPa. The pneumatic control of the glove is
achieved using a pressure regulation system that enables
precise and stable control. During tennis play, various
grip styles are used depending on player preference and
technical requirements, which may result in different load
cell responses. Thus, we compared the effect for force
detecting using western grip styles and continental grip
style shown as Fig. 2(E). In continental grip style, the
thenar web space of the player would face 5th bevel of
the grip and have index finger on bevel 6 and 7 where
the force could mainly come from the flexing of index
finger and thumb. When performing the western grip,
the thenar web space of player would face bevel 7. Fig.
2(F) shows the setup during training.

A. Calibration and characteristic

1) Characteristic of EMG: The objective of this cal-
ibration process was to establish a regression model
for predicting voluntary grip force from EMG signals.
To this end, a force-torque sensor was integrated into
the racket grip, and the performance of the embedded
sensing system was characterized. Sensor measurements
were compared with EMG recordings to evaluate the
validity of the system and to determine the relationship
between muscle activation and grip force. Accordingly, a
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Fig. 2: Devices included in the training system. (A, B) A six-axis force/torque sensor (Schunk SI 125-3, Schunk, Germany) is
embedded inside a 3D-printed tennis grip, with the measuring head connected to a pad contacting only the sensor surface. (C)
Surface EMG sensors (Delsys, USA) are attached to both sides of the forearm, targeting the flexor and extensor muscle groups
(illustrated in blue). (D) A pneumatic glove provides haptic feedback and is connected to a pressure regulator (VEAB-B,
Festo, Germany). (E) The two grip styles. (F) Participant with assistant glove.

calibration procedure and EMG signal analysis were con-
ducted. Participant first performed maximum voluntary
contractions (MVCs) of the wrist flexor and extensor
muscles separately, with three repetitions for each muscle
group. EMG signals were recorded during these trials
and subsequently processed to obtain root mean square
(RMS) values using the following equation:

RMS{z} = v/MA7(BP{z} ) (1)

where M Ar represents the mean average over the time
period T, and BP denotes the bandpass filter (20—
450 Hz) applied by the Delsys sensor. The RMS values
obtained during the MVC periods were averaged and
saved as MV Cegtensor and MV Cieror, respectively. For
each participant, the RMS values during the experiment
were normalized using these reference values and ex-
pressed as a percentage of MVC (%MV C).

A regression analysis was conducted using RM S, 4z
to estimate the force that generated. The equation for
the regression is set as:

Festimate =ax* RMSflexor + bxCCI +c (2)

The flexor muscle group is primarily responsible for gen-
erating force during a power grip, whereas the extensor
muscle group contributes mainly to stabilization [18].
The co-contraction index (CCI), where ¢ denotes a con-
stant, quantifies the simultaneous activation of agonist
and antagonist muscle pairs. Increased co-contraction
enhances joint stiffness without necessarily increasing the
net output force, as both muscle groups exhibit elevated
activity. The CCI is calculated using the equation

proposed by Falconer and Winter [19]:

2% RM S (3)
RM S + RMSMgh

A least square optimization is used to calculate coeffi-
cient a, b and c. With regression model the RMS trail
have been used to predict the force generated in the
whole trail. The regression RMSE is 22.24 with R2 equals
to 0.89.

2) Characteristic of force torque sensor: The aim of
this experiment is to evaluate the correlation between
EMG data and force measurement from the grip. To
investigate the relationship between force output and
muscle activity, a comparative analysis was performed
across different grip styles. Each participant was in-
structed to produce target resultant force magnitudes
(|F]) of 60 N and 100 N, as well as to perform trials
involving transitions from a relaxed state to a maximal
power grip. The corresponding force profiles are shown
in Fig. 3. The blue line represents the target normal
force (|F|), and the orange line denotes the resultant
moment magnitude (|M|). The upper panels of each trial
illustrate the RMS variations in muscle activity, which
generally correspond to changes in force output. The
average directions of the resultant force and moment
vectors across trials are summarized in Table I.

cClI =

From Fig. 3, it can be observed that achieving the
target |F| values required moments of comparable mag-
nitude across grip styles. During the 60 N target trials,
the average torque was 1.8 Nm for the continental grip
and 1.5 Nm for the western grip. When the target force
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Fig. 3: Comparison between continental (A) and western (B) grip styles. In Trials 1 and 2, participants were instructed to
regulate the resultant force magnitude (|F|) to 60 N and 100 N under visual guidance. The blue line represents the measured
force output, while the orange line indicates the corresponding moment generated during the task. In Trial 3, participants

repetitively varied their grip from minimal to maximal force.

TABLE I: Direction vectors of force (F) and moment (M) for
two grip styles under 60 N and 100 N load conditions.

Condition Force (F) Moment (M)
X y z X y z
Continental
60N 0.07 —0.28 —0.93 054 0.00 0.44
100N 0.08 —0.35 —0.92 055 0.10 041
Western
60N -0.07 —-0.28 —-0.95 060 0.24 0.28
100N -0.01 —-0.33 —0.93 050 030 0.25

increased to 100 N, the average peak torque for both
grip styles was approximately 2 Nm. Across all trials, the
averaged torque produced in continental grip remained
higher than that of the western grip. Additionally, EMG
data indicated greater flexor muscle activation when
using the western grip compared to the continental grip,
suggesting higher muscular effort associated with this
configuration. As shown in Table I, the magnitude of | F|
was similar for both grip types, but the torque vector
|M| exhibited a major difference in direction between

the two grips.

3) Characteristic of pneumatic glove: Before the reg-
ulation task, it’s necessary to estimate the force enerate
by the glove given different pressure in the chamber.
Building upon the previous calibration results, the re-
lationship between EMG activity and the measured
force and torque was clearly established. In this section,
we evaluate how variations in glove chamber pressure
influence the corresponding force sensor readings. The
calibration was conducted under two grip conditions: a
relaxed grip and a tight grip. During both procedures,
the pressure within the glove chambers was cyclically
varied between —100 kPa and 200 kPa, as illustrated in
the pressure—force diagram in Fig.4.

In the relaxed-grip calibration Fig.4(A), when the
chamber pressure was below 0 kPa, the hand was
extended and did not contact the handle, resulting in
no measurable force output. Once the pressure exceeded
0 kPa, a distinct increase in grip force was observed,
while no substantial change in RMS muscle activity
was detected. The average maximum force recorded
under this relaxed condition was 15 N. The coefficient
describing the relationship between chamber pressure
and force generation during this phase was determined
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Fig. 4: Calibration of the pressure—force coefficient. (A) Participants maintained a relaxed grip while wearing the pneumatic
glove. The top panel shows the force and torque variations detected by the sensor, the middle panel illustrates muscle
activity that remaining near zero during relaxation. The bottom panel displays the cyclic pressure changes. (B) Participants
performed a tight grip while the glove pressure was repeatedly varied between —100 kPa and 200 kPa. The middle panel
indicates increased muscle activation corresponding to the pressure modulation
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Fig. 5: Illustration of the difference between EMG-predicted
force and measured force during cyclic pressure changes in the
glove. Under the tight-grip condition, a regression model was
applied to estimate voluntary force output from EMG signals,
enabling separation of force variations induced by voluntary
motion from those caused by glove pressure fluctuations.

as Cincrease = 0.075, F' = P x Ciperease, 200 > P > 0.

In tight grip condition, the force |F| change, pressure
change and RMS change is shown in Fig.4(B). However,
when voluntary contraction is conducted, it’s difficult to
distinguish the force change generate by glove and the
force change caused by muscle control vibration. The
regression model built in last section is used to estimate
the force that generate with muscle, with the subtraction
is the estimated force change caused by pressure change
of pneumatic glove shown as Fig. 5. The decrease of force
is calculated with following equation with Cyecreqse =
0.10, F = P * Cyecrease, 0 > P > —100.

B. Feedback Design

Both visual and haptic feedback were employed in this
study to guide participants during the training tasks. To
provide intuitive feedback based on the collected sensor
data, the following representation methods and control
functions were implemented. Force feedback was visu-
alised as a real-time line graph displayed using python
plotting GUI with a refresh rate of 20 Hz. The target

(desired) force was represented by a stationary horizontal
line, while the measured force was plotted dynamically in
real time, allowing participants to continuously monitor
their grip performance. A tolerance band of +2.5%
around the target force was also displayed to indicate
the acceptable range of force error. The haptic guidance
followed an AAN principle, providing corrective feedback
only when the participant’s performance deviated from
the target. The direction of the feedback force was set
opposite to the error direction, in contrast to error-
augmentation methods that amplify deviations. The
desired feedback force was determined using both the
force error and the rate of change of the EMG signal,
which reflects the participant’s voluntary muscle activity.
The base control law for the feedback force was defined

as:
de

— 4
e (@

where K(e) is the stiffness gain and B is the damping

coefficient. An adaptive modulation factor v € [0, 1] was

introduced to scale the feedback according to voluntary
EMG activity:

Fy,.. =-K(e)e—B

error

Fg=~x Fden‘or7 (5)

where 7 reflects whether the EMG change corresponds
to a corrective (appropriate) or erroneous (opposite)
effort. This adaptive scaling allows the system to reduce
haptic assistance when the participant is voluntarily
correcting the error, thereby promoting motor learning.
A guidance-free zone of +2.5% around the target force
was implemented to ensure that participants could still
perform voluntary corrections without continuous haptic
intervention.

IIT. Pilot study

A pilot study was conducted to demonstrate the
capability of the training system in providing physical
guidance and to compare the training efficiency of the



two feedback modalities. The first part of the pilot study
involved a passive force regulation experiment, in which
a target force was predefined and the participant was
instructed to modulate their grip accordingly. The task
consisted of three stages: (1) relaxation with the con-
trol system deactivated, (2) relaxation with the control
system activated, and (3) active contraction with the
control system activated. The assistive force range of the
pneumatic glove was between —10 N and 15 N; therefore,
the target force was set at 10 N. Three repetitions
were performed to evaluate performance. The second
part of the pilot study involved force regulation training
under different feedback conditions and was divided into
training and retention phases. Six training trials were
included in the training phase, with 1 minute of rest
between trials. Each trial consisted of a 10 s non-feedback
baseline stage, a 15 s feedback training stage, and a 10
s non-feedback post-training stage. A 10 s rest period
was provided between stages. During each training trial,
the participant held the racket with wrist support and
adjusted their grip force. Haptic or visual cues were
provided only during the feedback training stage to
indicate the target force. Feedback was triggered when
the force error exceeded 2.5% of the target force. After
six training trials, the participant rested for 2 minutes
before entering the retention phase. During the retention
phase, three 10 s performance trials were completed, in
which only terminal feedback was provided, with 10 s of
rest between trials. After the retention phase, the target
force was randomly changed to a new value between 20
and 100 N for the next training session.

A. Result

An example result of the passive force regulation trails
are presented in Fig. 6. The averaged RMSE after control
on is 3.34 when participant was relax and 7.60 when
participants actively grasp. The limited force range of
the glove restrict it’s capability in fully control the grip
force, however, it shouldn’t affect it’s capability in using
as a guidance tool.

The outcomes of the force regulation training with
haptic feedback are shown in Fig. 7. In this trial, the
target force was set to 40 N. The root mean square
error (RMSE) during the baseline, training, and non-
feedback trials was analysed, yielding an overall average
error of 20% of the target force. The mean reduction in
RMSE from baseline to training trials was 36.6% of the
target force, while the reduction between training and
non-feedback trials was 3% of the target force. During
the retention trials, the mean RMSE was 20% of the
target force.

The results of the force regulation training with visual
feedback are presented in Fig. 8. In this trial, the target
force was set to 50 N. The overall average error across
all trials was 19.9% of target force. The mean reduction
in RMSE from baseline to training trials was 39% of the
target force., which was greater than that observed in the
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Fig. 6: Force regulation task with glove assistance. Partici-
pants remained relaxed during the pink and blue phases, and
performed contractions during the green phase. The control
was off in the pink phase and active in both the blue and green
phases. The top panel illustrates changes in the resultant force
magnitude (|F|) measured by the force/torque sensor during
the glove-assisted regulation task. The second panel shows
corresponding muscle activity. The third panel presents the
chamber pressure profile. An overshoot near the end of the
trial corresponds with the trend observed in the error data
shown in the bottom panel.
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Fig. 7: Training and retention results from the force regulation
experiment with haptic feedback. Each trial consisted of
baseline, training, and non-feedback sessions. Performance
across trials was quantified using RMSE, with standard
deviations indicated. Retention tests were performed after
the training phase without feedback.

haptic feedback group. The reduction between training
and non-feedback trials averaged 4.3% of the target force,
while the mean RMSE during retention trials was 23.6%
of the target force .

The findings of this study demonstrate the feasibility
of using a soft robotic glove as a haptic feedback
modality for force regulation training. In particular, the
retention outcomes from both visual and haptic feedback
conditions support the initial hypothesis: visual feedback
facilitates faster learning, whereas haptic feedback yields
superior retention. These preliminary results lay the
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Fig. 8: Training and retention results from the force regulation
experiment with visual feedback. Each trial included baseline,
training, and non-feedback phases. Retention tests were
conducted after training without feedback.

groundwork for future large-scale studies involving mul-
tiple participants to further evaluate learning efficiency
and long-term retention in force regulation training.

IV. Conclusion

This study demonstrates the feasibility of using a
haptic—visual feedback system in motor learning re-
search. By varying feedback across modalities, we exam-
ined how differences in error representation influence the
learning process. Although this study primarily focused
on behavioural outcomes, the collected EMG data pro-
vide valuable opportunities for future investigations into
motor command modelling and for exploring how differ-
ent error presentations affect sensorimotor processing in
the brain. As a pilot study, the number of participants
was limited, and the generalizability of the findings needs
to be validated in larger-scale studies. In addition, the
experimental task involved static grip force regulation,
which differs from real-world dynamic grip control.
The underlying mechanisms and the extent to which
static force regulation training transfers to dynamic
tasks remain unclear and warrant further investigation.
Nevertheless, the results support the feasibility of the
system and the potential of the proposed hypotheses.
Future research with a larger cohort is recommended to
further validate and extend these findings.
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