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Multiparameter Remote Contact Force Sensor
With Embedded Bend Sensing for

Tendon-Driven Hand Robots
Sang-Hun Kim , Useok Jeong , and Kyu-Jin Cho , Member, IEEE

Abstract—Integrating multiple sensors without increas-
ing the structural complexity and their original form factor
is a major concern in robotic applications, particularly in
tendon-driven systems. This study proposes a multiparam-
eter contact force sensor with bend sensing by utilizing
an improved Bowden cable design. The proposed sensor
consists of an end tip with an elastomer membrane, a Bow-
den cable consisting of a sheath and dual inner wires, and
a remotely separated sensing component. The electrical
wirings are decoupled from the mechanical Bowden cable
system. The displacement difference between the force-
sensing and bend-sensing wires is transmitted through the
sheath, indicating the contact force on the end tip. The
modeling and experiments verify that the contact force ap-
plied on the end tip is linearly related to the sensor output
signal and is reliable after repeated measurements. The
proposed sensor, utilizing the flexible Bowden cable as its
sensing modality, can be integrated into a diverse range of
tendon-driven robotic applications. These applications in-
clude a robotic hand with tactile and angle sensing capabili-
ties, as well as a soft wearable robot for the hand (Exo-glove
Poly II). The compact form factor of the proposed sensor
enables geometric sensing without increasing structural
complexity for multiparameter sensing in robotic applica-
tions.

Index Terms—Bowden cable, contact force sensor, flexi-
ble sensor, soft wearable robot, tendon-driven robot.
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I. INTRODUCTION

VARIOUS types of sensors have been applied in robots
to facilitate position perception and safe interaction with

the surroundings [1], [2], [3]. Extensive efforts have been made
to develop multiparameter sensors that incorporate different
sensing mechanisms or use the same sensing element. A het-
erogeneous sensing structure that employs an optical sensing
mechanism and gold nanowire strain gauges to distinguish bend-
ing from compression was proposed in a previous study [4].
Compact form factor sensors have been developed by combining
optoelectronics, microfluidics, and piezoresistivity with artifi-
cial neural networks to classify and decouple multimode defor-
mations [5]. Bending and compression force-sensing structures
with a conductive elastomer [6] or multiple fluidic channels [7]
were designed to geometrically decouple the sensing elements.

Incorporating multiparameter sensors into robots requires
high-level integration as it involves the installation of multiple
sensing devices with signal and power cables that must be
distributed through the complicated mechanical structure of
the robot. Hence, previous studies have suggested sophisticated
mechanical designs that targeted specific sensor form factors
to facilitate integration and enhance the robust interconnec-
tion of the system. A sensor-integrated soft prosthetic hand
was demonstrated by implanting pressure and strain sensors
between the soft layers of the fingers and covering them with the
outer skin [8]. Scalable artificial fingers were presented using a
parametrized model with a modular multimodal sensor system
[9].

Tendon-driven robots used compact, soft, and lightweight
applications, such as robotic hands, wearable robots, and sur-
gical robots, are limited by sensor integration issues [10], [11],
[12], [13], [14]. Tawk et al. [15] proposed a tendon-driven 3-D
printed soft monolithic robotic finger integrated with pneumatic
sensing chambers and electric components of pressure sensors
for sensing bending position and touch. Placing sensors on
the end-effector or inside the tendon-driven robot structure
increases the size of the robot; thus, losing the advantage of the
tendon-driven mechanism. It also severely damages the electric
components of the sensors due to physical contact or contact
with water. To address these challenges, some studies suggest
the extension of the mechanical stimuli to the remotely separated
electrical sensing part, with the goal of increasing compact-
ness and avoiding interconnection issues at the end-effector.
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Fig. 1. Prototype of a remote contact force sensor with bend sensing
(BoAF sensor: Bowden cable Angle and Force sensor). The sensor is
divided into a mechanical sensing part and an electrical sensing part.

A magnetoresistive sensor with a remote touch tip for tactile
sensing was proposed to isolate the sensor electronics from the
end-effector [16]. However, an optimized joint design and tightly
sealed touch tip structures are required to prevent air leakage
when integrating the sensor into the tendon-driven gripper [17].

Integrating optical fiber sensors that measure changes in light
intensity, phase, or wavelength is another approach that can be
used. Optical fiber sensors possess the advantages of a small
size that makes integration with a compact form factor and
soft and lightweight applications feasible [18]. Previous studies
on catheters with optical fiber sensors show high resolution
and accuracy in measuring catheter tip force under silicone
or biofluid-filled environments [19], [20]. Kesner et al. [21],
[22] designed a cardiac catheter that consists of a sheath, a
guidewire for the tendon drive system, and an end-effector to
compensate for the heart motion and regulate the forces applied
to the tissue. However, for integrating optical fiber sensors into
the end-effector, two additional independent optical fibers are
required to emit and receive light signals; moreover, digital
acquisition with a high-cost digital fiber amplifier is needed to
interpret the signals from the fiber optic sensor.

In a previous study, we demonstrated a low-cost, large cur-
vature bend sensor based on a Bowden cable [23], [24]. The
proposed sensor utilized a Bowden cable as its sensor modality.
Bowden cables are widely used tendon-driven mechanisms and
consist of an inner wire and an outer sheath that transmits force
through the inner wires. The flexibility of the Bowden cable
is suitable for various robotic applications that require trans-
mission paths with complex and varying shapes. This enables
actuators to be placed away from the end-effector, reducing the
robot’s weight, size, and complexity.

In this study, we propose a multiparameter remote sensor that
detects the contact force depending on the bending angles in a
compact form factor by adopting the mechanical characteristics
of a Bowden cable for integration into tendon-driven robots,
as shown in Fig. 1. The sensor adopts the form factor of a
spring sheath, enabling it to integrate with additional sensing
wires along the existing tendon path, thus embedding itself in a

Fig. 2. Overall structure of tendon-driven system integrated with the
proposed sensor.

tendon-driven robot, as illustrated in Fig. 2. The proposed sensor
measures the geometric change in the relative displacement and
translates it into the contact force depending on the bending
angle to separate the sensor electronics from the robot structure.
The electronics are decoupled from the mechanical Bowden
cable system [23], [25]. The principle of the proposed sensor is
to mechanically convert the contact into the displacement of the
sensing wire. The contact force is calculated by compensating
for the sensor’s measured bending angle. As there are various op-
tions for displacement transducers, users can choose one based
on their preference, without complex signal processing. The
sensors are implemented as tactile and proprioceptive sensors
in tendon-driven mechanisms used in robotic hands and soft
wearable robots.

The rest of this article is organized as follows. The concept
and basic design of the proposed sensor are described in Sec-
tion II. In Section III, the force characteristic modeling of the
sensor to estimate the sensor characteristics is introduced. The
characterization of the proposed sensor based on experimental
results is discussed in Section IV. Finally, Section V describes
the prototype development for robotic applications. Finally,
Section VII concludes this article.

II. CONCEPT AND DESIGN

A. Sensing Principle

The geometric sensing principle of the proposed sensor is
based on the mechanical transmission of the displacement
difference of the contact point by the wires and the remote
sensor. Previous studies have proved a linear relationship be-
tween the bending angle and sensor output of the helical coil
sheath within the allowable range of curvature, as shown in
(1)–(3) [23]. Each helical coil maintains contact inside the cur-
vature, and the gap outside the curvature increases as shown in
Fig. 3
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κ = θ/L (2)

Δl =
a
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2(1 − cos(bκ))
bκ

θ ≈ aθ. (3)

In the equations, κ is the bend curvature of the helical coil
sheath, θ is the total bending angle, l is the length of the
inner wire, L is the total length of the sheath, a is the helical
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Fig. 3. Basic principle of the proposed sensor using a Bowden cable.

Fig. 4. Schematic of the proposed sensor sheath and end tip: (a) a
cross-sectional view of the sheath comprising a helical coil, two mechan-
ical sensing inner wires, and PTFE lining, (b) displacement difference
between mechanical sensing inner wires due to contact force on the
end tip with bending angle θ, and (c) top view of the sensor module com-
prising spools extension springs and Hall-effect sensors with measured
angles of ψ and φ for force-sensing and bend-sensing, respectively.

coil radius, and b is the coil wire diameter of the sheath. The
nonlinear term in (32) is approximated as a linearization term,
representing the linear relationship between the bending angle
and the displacement difference of the inner wire since b is
smaller than L.

B. Mechanical Design of the Sensor

The proposed sensor comprises three parts: a sheath to trans-
mit the displacement difference, an end tip for the contact,
and a sensor module with dual Hall-effect sensors. The sheath
contains two sets of inner wires and linings for the displacement
difference, as shown in Fig. 4(a). The bend-sensing inner wire
(colored in red in Fig. 4) is pulled when the sheath is bent, which
can be used to detect the bending of the sheath. The force-sensing

Fig. 5. Prototype of the proposed sensor: (a) computer-assisted de-
sign of the sensor module, and (b) overall view of the sensor comprising
a sensor module with two Hall-effect sensors, spring sheath, and an end
tip.

inner wire (colored in blue in Fig. 4) is pushed by the end tip
and transmits the displacement difference to the sensor. The end
tip contains an elastomer membrane that deforms with contact
and is connected to the force-sensing wire. The sensor module
contains two Hall-effect sensors, each with a spool connected to
bend-sensing and force-sensing wires, as shown in Fig. 5. The
bend-sensing wire wraps around the spool and rotates it coun-
terclockwise when the sheath bends. The force-sensing wire is
connected to the spool, causing it to rotate clockwise when the
end tip is pressed. The sensor module also has extension springs
that generate the passive torque of the spool and tension to the
sensing wires. The extension springs provide initial tension for
the inner sensing wires, preventing slack inside the sheath and
enabling accurate measurement of the displacement difference
of the end tip. The absence of initial tension would hinder
the transmission of displacement difference while the lack of
kinking resistance of the wire could cause loose sensing wires.

C. Sensor Prototype

The overall structure of the proposed contact force sensor
with an embedded bend sensing prototype has the form factor
of a Bowden cable with an outer diameter (a) of 3 mm, an inner
diameter (L) of 2.4 mm, and a length of 300 mm. Therefore, the
spring sheath can be cut into the desired length of the sensor and
is made of stainless steel to ensure good robustness under dif-
ferent environmental conditions. Two polytetrafluoroethylene
(PTFE) linings of diameter φ0.6 mm were embedded inside the
spring sheath to reduce friction along the inner wires. These
PTFE linings were twisted inside the sheath, and the polymer
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inner wires (Dyneema) passed through the linings. A polymer
wire (φ0.24 mm) with a high modulus (tensile modulus of
109–132 GPa) was used for bend sensing to prevent elongation
of the wire. Additionally, it can be easily wound on a spool, and
the wire tightly fits the end tip for secure positioning. A NiTi
superelastic wire (φ0.35 mm) was embedded in a spring sheath
with kink resistance and low friction between the inner linings.

The end tip of the sensor contains a polydimethylsiloxane
(PDMS) (Dow Corning Corp., Sylgard 184) membrane with
a hemispherical shape. The PDMS base and cross-linker were
mixed in a ratio of 10:1 and cast using a concave hemispherical
mold. The bottom of the elastomer membrane was connected
with the force-sensing wire that passes through a spring sheath.
The membrane was clamped as the cover was assembled to the
end tip.

The sensor module utilizes Hall-effect angle sensors and
magnets to measure the rotation angle of the spool with a radius
of 3 mm. Extension springs with an outer diameter of φ2.3 mm
were attached between the spools and the frame to provide
passive torque to the spools and tension to the sensing wires.
Bearings were assembled with the spools to reduce friction
on the shaft. The Hall-effect sensor (RMB20IC12BC10, RLS)
has a resolution of 4096 counts per turn (0.088◦ per count), an
accuracy of ±0.5◦, and a hysteresis of 0.18◦.

III. MODELING FOR CONTACT FORCE SENSING

This section describes the model for the force characteristics
of the proposed sensor, which is derived from the displacement
of the inner wires. The resultant model estimates the force
sensing resolution for a bending angle of the sensor and shows
that the contact force and sensor output are linearly related.

A. Displacement Difference Relationship of Inner Wires

The relationship between the displacement difference of the
bend-sensing and force-sensing wires is shown in the following:

rΔφ = Δlbend = aθ (4)

rΔψ = Δlforce = Δx+ aθ (5)

Δx = Δlforce −Δlbend (6)

where lbend is the length of the bend-sensing wire, lforce is
the length of the force-sensing wire, ktip is the stiffness in the
normal direction of the membrane, r is the radius of the spool,
x is the displacement of the membrane, ψ is the rotation angle
of the spool connected to the force-sensing wire, and φ is the
rotation angle of the spool that winds around the bend-sensing
wire.

B. Friction Model Along the Sheath

The proposed sensor comprises an inner wire that transmits
the force and a sheath that supports the tension of the inner wire
and guides its base according to the principle of the Bowden
cable, resulting in friction between the inner wire and the sheath.
The force distribution of the inner wire along the sheath is

Fig. 6. Description of the modeling parameters: (a) friction model
along the Bowden cable, and (b) spool connected by the force-sensing
wire and extension spring in the sensor module.

Fig. 7. Schematic diagram of the spool and force-sensing wire of
the sensor module, (a) linear region before the detachment angle,
(b) nonlinear region after the detachment angle; the blue solid line
represents a curved force-sensing wire, which results in the nonlinear
region. Schematic diagram of the spool and force-sensing wire in the
sensor module: (a) linear region before the detachment angle, and
(b) nonlinear region after the detachment angle. The blue solid line
represents a curved force-sensing wire, which results in the nonlinear
region.

derived below using the Capstan equation [26]

Fout

Fin
= e−μθ·sgn(v) (7)

where Fin is the input force applied on the end tip, Fout is the
output force applied to the sensor module, μ is the coefficient
of kinetic friction between the sheath and the wire, θ is the total
bending angle of the sheath, and v is the velocity of the wire
relative to the sheath. sgn(v) is 1 and −1 under the loading and
unloading conditions, respectively, as shown in Fig. 6(a).

C. Advanced Model Considering Friction Hysteresis

Based on the relationship between the displacement differ-
ence of the inner wires and that of the friction model obtained
by the Capstan equation, the force equilibrium of the end tip is
derived as

F = ktipΔx+ Fin = ktiprΔ(ψ − φ) + Fin (8)

where F is the contact force applied on the end tip.
In the sensor module, the extension spring applies tension to

the force-sensing wire. The tension on the force-sensing wire is
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Fig. 8. Experimental results for the compression test: (a) time-domain
results, and (b) repeated measurements in the sensor output domain.

expressed as

Fs =
τs
r

= ks
r2
s

r
Δ(ψ0 − ψ) (9)

whereFs is the spring force applied to the inner wire, τs is the
spool torque because of the extension spring, and ks and rs are
the spring coefficient and distance from the center of the spool
to extension spring, respectively, as shown in Fig. 6(b)

Fs + Fout = fsensor · sgn(v). (10)

The force equilibrium of the sensor module is derived as (10),
where fsensor is the friction at the sensor module.

The relationship between the input and output forces through
the Bowden cable is derived from the Capstan equation in (7). A
hysteresis that causes the transient change of input force between
Foute

μθ and Foute
−μθ exists due to the friction, depending on the

moving direction of the wire

Fin = Foute
μθ·sgn(v). (11)

The contact force at the end tip is derived using (8)–(11) as a
function of ψ and φ

F = ktiprΔ(ψ − φ) + (fsensor · sgn(v)− Fs)e
μθ·sgn(v). (12)

In the constant bending angle condition, (12) is converted to
a linear equation of Δψ, as shown in (13). Modeling under the
quasi-static condition, in which the bending angle is constant
or almost unchanged (Δφ becomes zero), indicates that the
proposed sensor has linearity between the contact force and

sensor output signal

F =

{(
ktipr + ks

r2
s

r e
μθ
)
Δψ + fsensore

μθ, if v > 0(
ktipr + ks

r2
s

r e
−μθ

)
Δψ − fsensore

−μθ, otherwise.

(13)

D. Nonlinearity Calibration

The bend-sensing wire of the proposed sensor has low bending
stiffness and is easily wound on a spool, ensuring linearity in its
displacement variation. Conversely, the force-sensing wire is
kink-free and can be detached from the spool when the rotation
angle exceeds the detachment angle (ψd) of the spool, as shown
in Fig. 7. Therefore, the nonlinearity in the sensor output is
caused by converting the displacement variation of the force-
sensing wire into the angle of rotation of the spool.

Experimental results showed that there are nonlinear char-
acteristics between the load and sensor output beyond the de-
tachment angle of the force-sensing wire, which depends on
the bending stiffness of the wire material. To characterize the
nonlinear region, Δlforce is calibrated in (5). Assuming that the
curvature of the wire is circular, Δlforce is approximated using
(14), whereR(ψ) is the hypothetical radius of the force-sensing
wire, and d is the length between the spool and partition, which
is 8 mm in the design of the sensor module

Δlforce ≈ rΔψ + 2Δ(R(ψ)ψ) = rΔψ +Δ

(
d

sinψ
· ψ

)
.

(14)

IV. CHARACTERIZATION OF THE SENSOR

In this section, we present the force characteristics of the
proposed sensor tested at a constant bending angle. This section
focuses on the force characteristics of the sensor since the bend-
ing characteristics have been extensively studied in a previous
work [23].

A. Force Characteristics of the Proposed Sensor

The sensor prototype was characterized by applying com-
pression at a constant bending angle. The sensor end tip was
assembled with a 0.8-mm-thick membrane, and the extension
spring was assembled with a spool. The constant bending angle
of the sensor was 90◦. The results obtained using the sensor and
tensile testing machine are shown in Fig. 8(a) in the time domain.

Fig. 8(b) shows the repeated measurements of the sensor out-
put during a complete span cycle. The average nonrepeatability
(i.e., the maximum difference in the output when the same force
is repeatedly applied) of the compression load (applied five
times) was 7.5 × 10−2°, which was 0.59% that of the sensor
output. The gradient of the average measured data was 0.211
N/◦ and 0.189 N/◦ under loading and unloading conditions,
respectively, and the difference of 11.2%was because of hystere-
sis. The hysteresis (i.e., the maximum difference in the sensor
output under the loading force when the force is increased and
then decreased during a complete span cycle) was measured as
9.8% in the full scale. The average R-square value of the linear
relationship between the loading force and sensor output was
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TABLE I
SPECIFICATIONS OF THE PROPOSED SENSOR PROTOTYPE

Fig. 9. Comparison of average measured experimental results (gray
line), model-based prediction results in the linear region (red line), and
in the nonlinear region (black line). The solid lines represent the results
of force loading, and the dotted lines represent the results of unloading.

0.9986, and that between the unloading force and sensor output
was 0.9989 up to 17.8◦. Table I lists the detailed specifications
of the proposed sensor prototype.

B. Model-Based Prediction

A comparison of the experimental results and model-based
prediction results obtained using (13) is summarized in Fig. 9.
The average measured experimental result of Section IV-A is
represented by the color gray. The model-based prediction result
is divided into two regions: the linear region before the detach-
ment angle (ψd) and the nonlinear region after the detachment
angle. The solid and dotted lines denote the results for loading
and unloading, respectively.

The parameters used for the model-based prediction are es-
timated as follows: the stiffness of the membrane (ktip) is 3.78
N/mm, the stiffness of the extension spring (ks) is 0.05N/mm,
the radius of the spool (r) is 3 mm, the distance to extension
spring (rs) is 6 mm, and the force-sensing wire detachment
angle (ψd) is 17.8◦. Moreover, friction estimation is necessary
for the proposed sensor because the friction resulting from the
bending angle of the sheath affects the force characteristics.
The coefficient of friction (μ) between the force-sensing wire
and the PTFE lining sheath was experimentally measured for
different bending angles of the proposed sensor. For the friction
estimation, additional compression tests were conducted. The
extension spring of the spool was temporarily removed from
the sensor module to focus on the friction effect of the Bowden
cable and the sensor module. The coefficient of friction between
the force-sensing wire and the PTFE lining (μ) was estimated
as 0.264, which is the average value under the loading and

Fig. 10. Experimental results of crosstalk between force and bend
sensing in the time domain. (a) Varying contact force with constant
bending angle. (b) Varying bending angle with no contact force. The red
solid lines represent the sensor output for force-sensing, and the black
dotted lines represent the sensor output for bend-sensing.

unloading conditions, and the friction on the sensor module
(fsensor) was estimated as 1.19 N from the difference in the
loading and unloading forces at a bending angle of 0.

Compared with the averaged experimental results, the model-
based prediction results of the linear region indicate that the
gradient of the model-based results was 0.215 N/◦ and 0.204
N/◦ under loading and unloading conditions, respectively, and
the RMS errors were 0.050 N and 0.049 N, respectively. The
model-based prediction results indicate that the extension spring
in the sensing module reduces the hysteresis of the proposed
sensor, where the hysteresis with the extension spring is esti-
mated as 8.5%, and the hysteresis without the extension spring
is estimated as 29.5%. In the nonlinear region, the gradient of the
model-based results increases to 0.449N/◦ and 0.433N/◦ under
loading and unloading conditions, respectively. The RMS errors
between the experimental and model-based prediction results of
the nonlinear region are 0.116 and 0.347 N under loading and
unloading conditions, respectively. The results demonstrate the
accuracy of the proposed model in predicting the behavior of
the proposed sensor in both linear and nonlinear regions.

C. Crosstalk

The performance of multiparameter sensors is significantly
affected by crosstalk between parameters. To assess the coupling
between force and bend sensing, experiments were conducted
under two conditions: varying contact force with a constant
bending angle, and varying bending angle with no contact force.
The results, as shown in Fig. 10(a), indicate that the bend-sensing
wire has no effect even though the force-sensing wire travels
through the Bowden cable when a contact force is applied.

Furthermore, a linear regression analysis of the experimen-
tal data in Fig. 10(b) shows that both the bend-sensing and
force-sensing wires demonstrate a high degree of correlation,
with a coefficient of determination r2 = 0.984 when sensing
wires travel through the Bowden cable during bending and
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under varying bending angles with no contact force. The linear
equation derived from the regression analysis is φ = 0.632 ψ +
0.310, recalling that ψ represents the force-sensing output and φ
represents the bend-sensing output. This suggests that, despite
the bending of the sensor, contact force can be accurately sensed
by calibrating the linear relationship between the bend-sensing
and force-sensing output. Overall, the results demonstrate that
the proposed multiparameter sensor has minimal crosstalk be-
tween force and bend sensing, indicating that it can accurately
measure both parameters simultaneously.

D. Reliability

The practical use of sensors requires the characterization of
their reliability. Some studies on flexible sensors using liquid
metal demonstrated reliable operation up to 10 000 cycle repe-
titions, but performance degradation was also noted [27], [28],
[29]. Wire or tendon transmission suffers from reliability issues,
particularly due to friction between the wire and sheath, causing
significant fluctuation of the wire tension and accelerating the
stress fatigue [30]. The reliability of wire transmission is de-
termined by failures along the wire due to cyclic loading [31].
The life cycle of wire transmission is related to the effective
wire tension, which is proportional to the amplitude of the
tension. The sensing wires of the proposed sensor experience
low effective tension.

To evaluate the reliability of the bending and force-sensing
signals of the proposed multiparameter sensor, two separate
experiments were conducted under different conditions: repeti-
tive bending without contact force, and repetitive contact force
loading at a constant bending angle. The reliability of the bend-
ing signals was tested through repetitive bending by the servo
motor (Dynamixel MX-28, ROBOTIS). The range of repetitive
bending was from 0◦ to 90◦, with a period of 4 s and a speed of
10 RPM, for up to 10 000 cycles which took approximately
12 h as shown in Fig. 11(a). As depicted in Fig. 11(b), the
Hall-effect sensor values for bending varied by 5.97◦, with a
standard deviation of 0.0572 up to 6000 cycles. After 6000
cycles, the sensor values decreased by 1◦ per 555 cycles owing
to the mechanical degradation of the sensing wire and sheath.

The force-sensing output signal was evaluated by repeatedly
compressing the membrane using a linear actuator with a con-
stant displacement as illustrated in Fig. 11(c). The obtained
results, shown in Fig. 11(d), indicate that the sensor was able
to operate for a period of up to 10 000 cycles with no observable
degradation or failure in performance. The sensor error for
loading and unloading up to 6500 cycles was 0.2 N in the
force scale, but the force-sensing output remained converged in
the loading and unloading range after 6500 cycles. The results
demonstrate the high reliability of the proposed sensor over an
extended period, with no noticeable degradation or failure in the
measured signals.

V. APPLICATIONS

It is important to generate appropriate gripping forces based
on the characteristics of various objects to enable tendon-driven
robots to assist disabled individuals. For instance, when holding

Fig. 11. Results of reliability tests. (a) Repetitive bending measure-
ments performed without contact force. (b) Displacement measurement
of bend-sensing wire up to 10 000 cycles at a 90◦ angle. (c) Repetitive
loading of contact force at a constant bending angle. (d) Displacement
measurement of force-sensing wire up to 10 000 cycles.

a rounded cup or a cylinder difficult to enclose with a hand,
applying an adequate grasping force instead of overcompensat-
ing with a maximum grasping force can prevent the ejection of
the object from the hand. Therefore, it is necessary to acquire
fingertip force when the robotic hand or wearable hand robot
grasps a target object.

We constructed two types of applications using sensor pro-
totypes to demonstrate the potential of the proposed sensor
in robotic systems. The first application is a robotic hand for
proprioception, whereas the second is a tendon-driven soft wear-
able robot hand. In these applications, the sensor detects the
contact and movement of the robots without requiring significant
changes to the original robotic design.

A. Tendon-Driven Anthropomorphic Robotic Hand

Several robotic hands employ passive extensors with springs
to reduce the number of actuators and realize a lightweight
and noncomplex structure [32]. A recent paper proposed a
kinesthetic feedback system of a prosthetic hand using a Bowden
cable to detect the physical movement of closing of the hand [33].

1) Selection of an Elastomer Membrane: According to the
study of force distribution in grasp taxonomy, a sensing range
of 0–8 N was selected for the tip of the thumb, which is the
force range of various types of grasps [34]. The membrane was
characterized based on the thickness to determine the stiffness
(ktip) and estimate the sensor sensitivity and sensing range
required by the robotic application. Three types of membrane
specimens with different thicknesses (0.5, 0.8, and 1.3 mm) were
fabricated and assembled to the end tip to clamp the side of a
membrane.
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Fig. 12. Measurement results of elastomer membrane thickness re-
peated five times. (a) Applied load corresponding to membrane dis-
placement, with the cross symbol representing the mean values.
(b) Mean stiffness and sensitivity according to membrane thickness,
showing tradeoff relationships.

Membrane specimens were tested through five cycles of
compression tests until full deformation. Fig. 12(a) shows the
relationship between the membrane displacement and load ob-
tained through a compression test under a constant speed by
using a tensile testing machine (Instron 5948). The sensitivity
and sensing range were determined using the design parameters
of the elastomer membrane of the end tip. Fig. 12(b) summarizes
the relationship between the stiffness and the sensitivity in
terms of membrane thickness. The mean stiffness increased in
proportion to the thickness: 2.33N/mm at 0.5 mm, 3.78N/mm
at 0.8 mm, and 5.54N/mm at 1.3 mm, with a standard deviation
of 0.005 N/mm, 0.03 N/mm, and 0.06 N/mm, respectively.
The membrane sensitivity increased as the membrane thickness
decreased: 0.375 N/◦ at 0.5 mm, 0.232 N/◦ at 0.8 mm, and
0.158 N/◦ at 1.3 mm. The sensitivity and the stiffness were
estimated by linear regression, and the R-square values of each
membrane were 0.971, 0.995, and 0.994 for thicknesses of 0.5,
0.8, and 1.3 mm, respectively. The maximum sensing range of
the membranes is 4.63, 7.64, and 10.8 N at 0.5, 0.8, and 1.3 mm,
respectively. Thus, a 1.3-mm-thick membrane was integrated
into the anthropomorphic robotic hand to ensure a sensing range
of 0–8 N.

2) Sensor Integration: The proposed sensor was embedded
in an anthropomorphic robotic hand that required robust inter-
connection of the sensors [17]. The spring sheath was embedded
in the finger as a passive extensor, which was designed in a
previous study and allowed extension and sensing in a single
structure, as shown in Fig. 13(a) and (b). The sensor passed
through multiple joints of the finger and measured the accumu-
lated bending angle of finger flexion.

We analyzed the pressure distribution to verify the application
prospect of the embedded sensor by grasping a cylindrical
object. The pressure values were measured using a pressure pad
(pliance system, novel GmbH) that wraps around the 40 mm
diameter cylinder, as shown in Fig. 13(c). When enclosing the
cylinder, the integrated sensor detects the contact of the object
and prevents the ejection of the grasped object because of the
overflexion of the thumb by setting the contact force threshold
of 3 N. The supplementary video shows that the robotic hand
detects contact and measures the accumulated flexion/extension
angle of the thumb. With the sensor electronics remotely sepa-
rated from the end-effector, the anthropomorphic robotic hand
can contact the watery environment as shown in Fig. 13(d).

Fig. 13. Anthropomorphic robotic hand integrated with the proposed
sensor: (a) schematic structure of the finger, (b) sensor-embedded
robotic hand, (c) pressure distribution by grasping a cylindrical object,
and (d) sensing in a water environment.

B. Tendon-Driven Soft Wearable Hand Robot

We implemented the proposed sensor in an Exo-glove Poly II,
which is a polymer-based soft wearable robot for the hand with a
tendon-driven actuation system [35]. A previous study measured
the tendon tension from the load cell, tendon excursion length
using motor encoders, and sheath bending angles to estimate
the fingertip force with a machine learning model since the
Exo-glove Poly II suffers from sensor integration issues, instead
of directly attaching the tactile sensors on the fingertip [36].
Nevertheless, the indirect estimation of fingertip forces is by
combining several measurements. However, it has limitations in
simultaneous measurements.

The Exo-glove Poly II comprises a glove and spring sheaths
with an underactuated tendon-driven mechanism. The glove
consists of thimbles, finger bodies, straps, a dorsal body, a volar
body, and a palm strap. The tendon paths for the index and middle
finger extensions were located on the dorsal body of the glove.
The proposed sensor was embedded in the existing extensor
tendon path of the index finger, and the original spring sheath
was utilized as a sensor structure; thus, the design of Exo-glove
Poly II remained the same. Three types of wires pass through the
extensor tendon path: a force-sensing wire, a bend-sensing wire,
and an extensor tendon that operated the index finger extension,
as shown in Fig. 14(a). The force-sensing wire was connected
to the elastomer tip on the thimble of the glove and transmitted
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Fig. 14. Integration of the proposed sensor into a tendon-driven soft
wearable glove (Exo-glove Poly II): (a) schematic of the glove structure.
(b) Exo-glove Poly II with an elastomer end tip measuring fingertip
force during a pinch grip, and (c) time-domain graph of reference force
measurements (black line) and sensor output (red line) during five trials
of pinch grip.

the deformation of the end tip. The bend-sensing wire was tied
around the thimble to measure the flexion and extension angles
of the index finger.

The elastomer tip (10 × 10 × 4 mm) for fingertip force sens-
ing was embedded in the thimble of the finger body, as shown in
Fig. 14(b). A more compliant material (Ecoflex 0030; Smooth-
On, Inc.) compared to that of the glove body (KE-1300 T;
Shin-Etsu Chemical Co., Ltd) was used for the elastomer tip.
In this application, contact occurred after the finger flexion;
therefore, simultaneous measurement of the contact force and
bending angle information was rarely required. The relationship
between the fingertip force and the sensor output was linearly
determined as 0.150 N/◦. The fingertip force of the Exo-glove
Poly II with a pinch grip is plotted in Fig. 14(c) in the time
domain with a sampling rate of 100 Hz, where the reference
force was measured using a load cell. The fingertip force RMS
error during the pinch grip is 0.18 N, indicating that Exo-glove
Poly II can measure the contact force of the fingertip by only
attaching a relatively light elastomer tip. Overall, the Exo-glove
Poly II, integrated with the proposed sensor, accurately measures
fingertip force during pinch grip with high sensitivity.

VI. DISCUSSION

The proposed sensor has several characteristics that differen-
tiate it from other sensors used for robotic applications, partic-
ularly in tendon-driven robots with inherent compliance.

1) Low additional cost for sensor integration: The proposed
sensor utilized the Bowden cable of a tendon-driven robot,
and the additional components for sensing are made of

low-cost materials and can be manufactured using off-the-
shelf components without using specialized fabrication
techniques.

2) Long mechanical transducer length: The mechanical
transducer length of the proposed sensor can be the-
oretically increased without limitation, but unmodeled
properties may affect its characteristics if the length is
significantly increased.

3) Bending stiffness: The bending stiffness of the sensor is
determined by the stiffness of the helical coil and the
tension of the sensing wires. Increasing the tension in
the sensing wires and the diameter of the helical coil
can contribute to the restoring force from the sensing
wire, thereby increasing the bending stiffness. The bend
stiffness profile can be adjusted by changing the radius of
the spool and the spring constant.

4) Environmental robustness: The absence of electronic
components on the sensor module ensures robustness to
environmental conditions. The sensor components, such
as the stainless steel, PTFE lining, and polymeric sensing
wire, have high chemical and thermal resistance. Further-
more, the sensor is mechanically operated, which makes
it suitable for use in environments with electromagnetic
interference or when in contact with water.

VII. CONCLUSION

In this study, we presented the design and modeling of a
contact force and bending sensor based on the characteristics of
Bowden cables. The proposed sensor detected the displacement
difference between the inner wires when the sheath bent and
transmitted the information to a remotely separated sensor mod-
ule. We improved the previous design of the Bowden cable angle
sensor to enable measuring multiparameter of the bending angle
and contact force. The developed sensor exhibited high linearity
and repeatability of external force measurement at a constant
bending angle. Importantly, the overall form factor remained the
same, despite the addition of sensing components, because the
elements were packaged in the compact sheath that fits within
the tendon-driven robot structure.

The proposed sensor was integrated into several robotic de-
vices by appending sensing wires to the sheath utilizing the
original tendon path of the tendon-driven robot structure. We
demonstrated that the sensor is affordable and straightforward
to assemble and integrate.

For future research, sensor characterization with sheath and
inner wires made of different materials could expand the po-
tential applicability of the proposed sensor. Adopting various
types of outer sheaths depending on the robotic application, such
as PTFE sheaths in soft wearable gloves or polyvinyl chloride
sheaths in bicycle brakes, could also be explored. Additionally,
altering the materials of the force-sensing wire with low bending
stiffness could reduce the nonlinear region that occurs under high
contact force. These changes could support the integration of
the sensor with not only end-effectors, such as robotic grippers
or gloves, but also wire-driven surgical devices or lower limb
wearable robots.
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