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Stiffness display by muscle contraction via electric
muscle stimulation

Yuichi Kurita1, Takaaki Ishikawa2 and Toshio Tsuji1

Abstract—Although electrical muscle stimulation (EMS) has
been used in various haptic interfaces, haptic sense induced by
EMS does not satisfactorily provide the full spectrum of haptic
events. It is difficult to convey certain haptic sensations accurately
through EMS. In this study, we aim to create the haptic sensation
of the stiffness of an object by using muscle contraction induced
by EMS. To simulate varying degrees of stiffness or elasticity of
different objects, we must vary the displayed force depending on
the displacement. To generate a haptic sensation corresponding
to the force applied on the hand, we measure the generated force
at the hand when electric stimulation is applied to a particular
muscle. Once we have a model of the relationship between the
applied electric stimulation and the generated force, we can
determine the intensity of the electric stimulation required to
simulate the target stiffness. In this study, we develop a haptic
force display system that renders different levels of stiffness using
EMS. We analyze the performance of our system by measuring
the perceived stiffness in human experiments. The experimental
results show a positive correlation between the target stiffness
and perceived stiffness.

Index Terms—Haptics and Haptic Interfaces, Virtual Reality
and Interfaces, Human Performance Augmentation

I. INTRODUCTION

HAPTIC display is a highly promising approach in
human-computer interaction interfaces. Haptic informa-

tion is essential for completing tasks, conducting control
operations, and interacting with objects. Haptic feedback
systems can be classified into two types according to their
mechanical grounding configuration: the grounded and the
ungrounded type. The grounded type includes Phantom [1] and
SPIDAR [2], which need to be firmly fixed on a desk. Such
grounded systems can display relatively large haptic forces,
but haptic interaction with virtual environments is limited to
small workspaces. The ungrounded type includes CyberGrasp
[3] and Weight/Friction Illusion Display [4]. Although the
ungrounded type is wearable and flexible, the available force
is constrained to allow for its smaller size.

Electric stimulation evokes tactile sensation by passing a
current through electrodes on the skin surface [5][6]. The
electric current also evokes muscle contractions and generates
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torque at joints [7][8]. Receptors called muscle spindles or
Golgi tendon organs in the muscles and tendons play an
important role in the perception of the haptic sensations.
The electrical muscle stimulation (EMS) is utilized in haptic
interfaces for mixed-reality applications and induced motion
illusions. For examples, Farbiz et al. have developed a mixed
reality tennis game by using EMS [9]. Pfeiffer et al. have
proposed free-hand interaction system by utilizing EMS on
the forearm [10][11]. Kajimoto et al. have found a kinesthetic
illusion by using electrical stimulation to muscle tendon [12].
Kruijff et al. [13] have also demonstrated pseudo-haptic feed-
back by using neuromuscular electrical stimulation methods.
These studies aim to generate a motion or induce a motion
illusion by muscle contraction via EMS. The advantage of the
electric stimulation is that the device can be miniaturized and
various haptic sensations can be displayed by changing target
muscles to stimulate.

In this study, we aim to simulate the haptic sensation of the
stiffness of an object through muscle contractions stimulated
by EMS, and discuss the feasibility of the proposed method
by evaluating the perceived stiffness. We convey the softness
or hardness of an object by simulating a suitable intensity
of the force according to the pushing distance to generate
the reaction force on the hand. The challenge in creating this
haptic sensation using EMS is that we cannot directly display
physical force on the hand. To generate a haptic sensation
corresponding to the physical force, we must determine the
intensity of the electric stimulation that generates the same
force at the hand. Once we model the relationship between
the intensity of electric stimulation and the generated force
at the hand, we can determine the intensity of the electric
stimulation to simulate the target stiffness.

In this paper, we develop a haptic force display to render
different levels of object stiffness using EMS. The remainder
of this paper is organized as follows. Section II provides an
overview of the proposed method and explains the approach
to determine the intensity of electric stimulation to generate
the target stiffness. Section III describes our experiment to
evaluate the performance of our system by measuring the
perceived stiffness in human experiments. Section IV discusses
the experimental results and Section V concludes this paper.

II. MUSCLE CONTRACTION VIA ELECTRIC MUSCLE
STIMULATION

A. System overview

When a person touches a fixed object with a bent arm
and pushes it, the reaction force generates joint torque at the
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Fig. 1. Generated joint torque for the applied physical force (top) and the
EMS (bottom). The muscle contraction by EMS is controlled so as to generate
same joint torque when external stimulus is physically given.
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Fig. 2. Overview of the muscle contraction force display

person’s elbow. The generated torque extends or flexes the
corresponding muscles (see Fig. 1). To maintain the posture,
the person must voluntarily contract the corresponding muscles
to balance with the applied torque. The muscle contraction
causes the activation of the receptors in the muscles and
tendons, and thus the perception of haptic sensations. The
reaction force generates flexion torque at the elbow. In this
figure, we ignore the effect of the wrist joint. To maintain
the same posture, the person must voluntarily contract the
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Fig. 3. Applied electric pulse form

corresponding muscles, e.g., triceps muscle, and generate
extension torque to counteract the flexion torque. In this study,
we aim to create the same situation by generating muscle
contractions by using EMS. Electric stimulation is applied
to agonist muscles, e.g. biceps muscle. The forced muscle
contraction evoked using EMS generates flexion torque at
the elbow. To maintain the same posture, the person must
voluntarily contract the antagonistic muscles. In terms of
muscle activation in the antagonistic muscles, the muscle
contractions generated through EMS are quite similar to those
resulting from physical contact.

We consider the above facts to develop a muscle contraction
display system. Fig. 2 shows an overview of our system. The
system is composed of two parts: a visual display system
and an EMS feedback system. The visual information is
displayed on a head-mounted display (HMD) by using an
augmented reality method. We use the Unity [14] engine and
the ARtoolKit [15], [16] to build a virtual object and virtual
interactions between an object and the user’s hand displayed
in the virtual environment. When the system detects contact
between the object and the hand, electrical stimulation is
applied to the corresponding muscles. To generate EMS, we
used an electric stimulation device (ULI-100, Unique Medical
Co., Ltd.), and a D/A converter (NI USB-6215). The operation
frequency of the eletric stimulation device is 1000 Hz. A
LabView program adjusts the electric pulse parameters such
as the electrical pulse height (voltage), width, and frequency.
The electric stimulation device is designed to ensure the safety
of the user by limiting the intensity of current flowing through
the human body. The electric pulse used in this study is shown
in Fig. 3.

B. Generating the appropriate force at the hand

To simulate varying degrees of object stiffness, we must
change the displayed force depending on the pushing displace-
ment. We measure the distance between the contact point and
the current position of the hand, and determine the reaction
force depending on this distance. Fig. 4 shows an overview
of this method. When the system detects contact, the contact
position is recorded in the system. When the hand reaches its
limit inside the object, the distance between the contact point
and the current position of the hand is calculated. By using
optical motion capturing system or depth sensors like Kinect,
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Fig. 4. Pushing distance to calculate stiffness of an object. The distance is
determined between the distance between the current position and the contact
postion with the object.

Force transducer

Fig. 5. Measurement of the force generated by EMS

we can obtain the pushing distance. The stiffness of the object
is characterized by a spring coefficient k N/mm. The reaction
force is given by F = kd, where d is the distance:

d =
√

(x− x′)2 +(y− y′)2 +(z− z′)2 (1)

where (x,y,z) is the position when contacting with the virtual
object and (x′,y′,z′) is the current position of the hand.

C. Calculating the intensity of electric stimulation

We conducted an experiment to measure the force induced
by electrical stimulation. Fig. 5 shows an overview of the
experiment. Four healthy male individuals with ages ranging
from 22 to 24 participated in the experiment. Informed consent
was obtained from all participants prior to the experiments
based on the Declaration of Helsinki.

Fig. 6. Electrodes for stimulating the biceps muscle

Each participant was instructed to put his dominant forearm
on a table and flex his elbow at a 45-degree angle. The
experimenter attached the electrodes to the biceps branch
muscle (Fig. 6) of each participant’s dominant arm. Next, each
participant was instructed to gently touch a force transducer
at his wrist. The muscle contraction induced by the electric
stimulation generates flexion motion, and the flexion motion
applies the force on the force transducer. We measured the
applied force, and investigated the relationship between the
intensity of electric stimulation and the generated force. Each
subject underwent three trials for each of the voltages.

Fig. 7 shows the results of representative three subjects. The
vertical axis indicates the generated force measured by the
force transducer, while the horizontal axis shows the intensity
of electrical stimulation. As reported in [17], [18], sigmoid
functions have been used to model the recruitment curve
between the applied electric stimulation and the generated
force:

F =
c

1+ e−aV−b (2)

where V is the applied voltage, F is the measured force,
a,b and c are constants varying depending on individuals.
The individual parameters of the sigmoid function, R2, and p
values are shown in Table I. We confirmed a greater than 0.9
correlation coefficient and statistically significant correlation
for all of the participants.

Based on the investigation, we model the relationship be-
tween the applied intensity of electric stimulation and the
generated force by:

V =−
ln c−kd

kd +b
a

. (3)

TABLE I
INDIVIDUAL PARAMETERS FOR SIGMOID FUNCTIONS, R2 , AND p VALUES

a b c R2 p
Subject A 9.89 7.29 11.9 0.986 < 0.001
Subject B 8.28 5.05 13.7 0.987 < 0.001
Subject C 9.36 7.20 16.3 0.970 < 0.001
Subject D 13.9 11.9 13.9 0.994 < 0.001



4 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JANUARY, 2016

0 20 40
0

3

12

15

10060 80

9

6

Applied voltage [V]

E
x

er
te

d
 f

o
rc

e 
[N

]

0 20 40
0

3

12

15

10060 80

9

6

Applied voltage [V]

E
x
er

te
d
 f

o
rc

e 
[N

]

0 20 40
0

3

12

18

10060 80

9

6

15

Applied voltage [V]

E
x
er

te
d
 f

o
rc

e 
[N

]

Fig. 7. Recruitment curve between applied voltage and the exerted force
for three different participants. Top: Subject A, Middle: Subject B, Bottom:
Subject C.

D. Experiment to generate the desired force

We conducted experiments to confirm that the proposed
method can generate the desired force by controlling the
voltage. Fig. 8 shows an overview of the experiment. Each
participant was instructed to push forward with his dominant
hand. A sheet of paper indicated the position of a virtual
object. We measured the pushing distance from the sheet by an
optical motion capturing system, and determined the intensity
of electric stimulation according to the pushing distance based
on Eq.(3).

Fig. 8. Overview of the experimental setup: experimental setup (top) and
pushing posture (bottom)

Fig. 9. Experiment for measuring the perceived stiffness

III. PERCEIVED STIFFNESS EXPERIMENT

A. Procedure

The proposed system can control the intensity of electric
stimulation to simulate the desired reaction force through
muscle contractions. We used this system to render different
levels of object stiffness, and evaluated the performance by
comparing the target and perceived stiffness. This experiment
used the same participants as the previous experiment. First,
the virtual stiffness was presented to the participants by using
our proposed system. Each participant was instructed to gently
push forward with his dominant hand on the sheet of paper,
and feel the stiffness. The system invoked electric stimulation
to generate the target reaction force. In this experiment,
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Fig. 10. Perceived stiffness and the applied voltage. White triangles indicate
that participants reported greater than 0.3 N/mm spring constant.

we controlled the maximum applied voltage to change the
stiffness. We conducted seven conditions from 10 to 70 V with
the intervals of 10 V, which represents the voltage given when
the distance reaches 50 mm. Note that the displayed stiffness
changes between individuals even for the same applied volt-
age because the voltage-force relationship is different across
individuals, as shown in Fig. 7. In the experiment, no visual
feedback was given to the participants. After this stiffness
perception session, the participants were asked to select the
same physical stiffness as displayed by the Phantom premium
(Sensable Inc.). The participants grasped the grip of the haptic
device, pushed it forward, and felt the stiffness with the same
posture as used in the stiffness perception session (Fig. 9).
The haptic device can display a spring constant from 0.01 to
0.3 N/mm with 0.01 intervals. The participants could freely
change the stiffness, and were asked to select the one stiffness
most similar to the one felt during the perception session.

B. Results

Fig. 10 shows the experimental results. The vertical axis
indicates the spring constant selected by the participants and
the horizontal axis shows the voltage value applied by the
proposed system. 0.3 N/mm is the maximum spring costant
the haptic device can exert in our configuration. In the case
of the stimulus of 60 V and 70V to Subject B, the partici-
pants answered that the perceived stiffness is greater than 0.3
N/mm. The experimental results indicate that the participants
perceived a greater spring constant as a greater electric voltage
was applied to the muscle. From Fig. 11, we can confirm a
statistically significant positive correlation between the target
stiffness and the perceived stiffness (see Table II). The results
also suggest that all participants perceived greater stiffness
levels than the target.
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Fig. 11. Correlation between target stiffness and perceived stiffness

IV. DISCUSSION

From the results of the evaluation experiments of the per-
ceived stiffness, we confirmed that different levels of stiffness
can be created by changing the intensity of electric stimulation.
However, there is a difference between the target stiffness
and the perceived stiffness. There are several possible reasons
for the participants’ perception of the stiffness being greater
than that of the target. First, we did not provide visual or
tactile feedback. Previous studies reported that perceived force
sensation changes depending on visual and tactile feedback
information [19], [20]. Providing visual or tactile feedback
at the hand in synchronization with the electrical stimula-
tion of the muscles is very useful for more realistic haptic
sensation. Second, we stimulated only the biceps muscle to
generate the joint torque at the elbow. Human’s movements
were generated by cooperative activation of multiple muscles.
Stimulating only the biceps muscle may not be sufficient
to generate realistic haptic sensation. We can determine the
muscle recruitment pattern to create particular endpoint force
in a particular direction by the inverse-dynamics calculation
using a 3D musculoskeletal model. Synchronized stimulation
of multiple muscles will improve the haptic sensation induced
by EMS. Although the feasible force strength and direction
are limited because the muscles we can stimulate from the
skin surface are limited, the 3D musculoskeletal model-based
analysis could also be used to predict the endpoint force

TABLE II
R2 AND p VALUES OF THE RELATION BETWEEN THE TARGET AND THE

PERCEIVED STIFFNESS

R2 p
0.896 < 0.001
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when the EMS is applied on particular muscles with specified
intensity. Third, the muscle recruitment model via EMS should
be changed according to the arm postures. Employing more
sophisticated models, such as [21], [22], would be helpful to
improve the performance. Fourth, it is known that perception
of force is reduced when individuals actively produce force
by voluntarily activating their muscles compared with pas-
sively receiving force without muscle activation [23]. In this
study, the experiment to determine the intensity of electric
stimulation was conducted in a passive manner while the
experiment to evaluate the force perception was done by
voluntary muscle activation (active manner). This may explain
the difference between the target and the perceived stiffness.
Finally, it is also known that weight perception increases and
decreases when vibration stimulation is applied to agonist or
antagonist muscles [24]. Electric stimulation to induce muscle
contractions sometimes causes numbness on the skin in the
area of the attached electrodes. In addition, differences in
anthropometric measures, the effect of training in stiffness
perception, and subject to subject and trial-to-trial variations
may also affect the sense of stiffness.

Despite the current limitations, the proposed system shows
promise as a wearable haptic display device. Wearable haptic
devices allow for greater freedom and a larger workspace than
grounded systems. Because the electrodes and cables used to
induce muscle contractions are light and flexible, the proposed
haptic display device does not disturb human motion. The
design and control of stimulating signals that do not cause
discomfort is an important part of the further development of
this system.

V. CONCLUSIONS

We developed a haptic force display system to render differ-
ent levels of object stiffness through EMS, and discussed the
feasibility of the proposed method by evaluating the perceived
stiffness. We presented the principles of the proposed method
and explained the method used to determine the intensity
of electric stimulation required to generate target stiffness.
Our experiments evaluated the performance of our system by
measuring the perceived stiffness with human experiments.
We confirmed the statistically significant positive correlation
between the target stiffness and perceived stiffness. However,
all of the participants perceived greater levels of stiffness than
desired. To reduce the difference between the perceived and
target values, more sophisticated electric stimulation methods
are required. The advantage of the electric stimulation method
is that the device can be miniaturized and is easily wearable.
Future work will include the application of the developed
haptic display system to interactions in virtual environments,
rehabilitation instruction systems, and muscle force assistive
devices. Creating the contact feeling with a rigid object is also
included in our future work.
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