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Abstract— Soft robotic structures may play a major role
in the 4th industrial revolution. Researchers have successfully
demonstrated the advantages of soft robotics over traditional
robots made of rigid links and joints in many application
areas. Variable stiffness links (VSL) and joints (VSJ) have been
investigated to achieve on-demand forces and, at the same time,
be inherently safe in interactions with humans. However, a
thorough characterisation of soft and rigid robotic components
is still required. This paper investigates the influence of antago-
nistically actuated, stiffness-controllable joint-link units (JLUs)
on the performance of collaborative robots (i.e. stiffness, load
capacity, repetitive precision) and characterizes the difference
compared with rigid units. A JLU is made of a combination
of a VSL, a VSJ, and their rigid counterparts. Experimental
results show that the VSL has minor differences in terms of
stiffness (0.62 ∼ 0.95), output force (0.93 ∼ 0.94), and repetitive
precision compared with the rigid link. For the VSJ, our
results show a significant gap compared with the servo motor
with regards to maximum stiffness (0.14 ∼ 0.21) and repetitive
position precision (0.07 ∼ 0.25). However, similar performance
on repetitive force precision and better performance on the
maximum output force (1.54 ∼ 1.55 times) are demonstrated.

I. INTRODUCTION

Notable advances in soft material robotics have success-

fully demonstrated their advantages over traditional rigid-

linked robots [1]. However, challenges on how to exert

on-demand forces onto objects or the environment re-

main [2]. In recent years, one method of achieving on-

demand forces includes the integration of soft, variable

stiffness components [3]. For collaborative robots (cobots),

these types of components allow the exertion of increasing

forces and, at the same time, realize inherently safe human-

robot interaction [4]. Researchers have investigated many

soft components for allowing stiffness-controllability in

links and joints/actuators [5]–[10]. For instance, a stiffness-

controllable link [11], [12] was proposed to replace the rigid

link in currently available collaborative robots. The link

is effectively a cylindrical sleeve made of a composite of

fabric and silicone material. By air pressurization, omnidi-

rectional stiffness variation can be achieved. On the other
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Fig. 1. A set of four joint-link units (JLUs) have been designed,
manufactured and compared: a Dynamixel XM430 servo motor (CA, USA)
and a rigid link manufactured by SLS 3D printing process with the material
of Nylon PA2200 (JLU 1), a motor and a variable stiffness link (VSL)
(JLU 2), a variable stiffness joint (VSJ) and rigid link (JLU 3), a VSJ and
a VSL (JLU 4). All of these four JLUs have the same rotation centre. The
distance between the rotational centres to the tip of the JLUs is 160mm,
while the length of the VSL and the rigid link is 100mm.

hand, modeling approaches have been proposed to control

the compliance of this kind of links [13], [14]. Besides,

variable stiffness joints driven by soft actuators have been

increasingly explored [15]–[17]. Output torque variation of

these joints can be achieved through the design of rotational

structures which position and stiffness are proportionally

changing depending on the inner fluidic pressure [18]–[20].

These cobots equipped with variable stiffness joints driven

by soft actuators can exert on-demand stiffness/force and,

at the same time, guarantee inherently safe human-robot

interaction.

However, it has not yet been understood how different soft,

variable stiffness components affect the performance (i.e.

stiffness, load capacity, and repetitive precision) of collabo-

rative robots compared with rigid components. In particular,

a comparison and evaluation of different components such

as a link versus joint/actuator or a combination of both have

not yet been investigated.

This paper investigates the influence of antagonistically

actuated, stiffness-controllable joint-link units (JLUs) on the

performance of collaborative robots (i.e. stiffness, load ca-

pacity, repetitive precision), and characterizes the difference

compared with rigid units. A JLU is made of a combination

of a variable stiffness link (VSL, building on our previous

work [11], [12]), a rotational variable stiffness joint (VSJ)

and their rigid counterparts. As shown in Fig. 1, we set a

unit composed of a Dynamixel XM430 servo motor and
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Fig. 2. (a) Sectional CAD drawing (top) and physical prototype (bottom) of the variable stiffness link (VSL). A silicone-based cylinder, which is reinforced
by fabric material, is sealed by two caps. Pressurized air can inflate or deflate in the VSL, leading to omnidirectional stiffness variation. The non-stretchable
reinforced fabric surrounding the cylinder wall tightly is used to prevent any radial extension, while the elongation-limiting wire between the top and base
cap maintains the length of the link during pressurization. A VSL has a 40mm diameter with a 100mm length. (b) Injection molds used to manufacture
the silicone shell of the VSL. (c) Sectional CAD drawing (left) and physical prototype (right) of the VSJ. Two silicone chambers are located on both sides
of a rigid central hinge. A layer of reinforced fabric thread is wrapped around the circumference of the VSJ preventing any radial expansion. A VSJ has
a 50mm diameter with a 65mm length. (d) Injection molds used to manufacture the silicone chambers for the variable stiffness joint (VSJ).

a rigid link manufactured by the SLS 3D printing process

with the material of Nylon PA2200 (JLU 1) representing

the traditional rigid JLU of collaborative robots. The other

three units are composed of at least one soft, stiffness-

controllable components: a motor joint and a VSL (JLU

2), a VSJ and a rigid link (JLU 3) as well as a VSJ

and VSL (JLU 4), respectively. We carried out a set of

characterization experiments evaluating the stiffness, load

capacity, and repetitive precision of these four JLUs. The

results of the experiments highlight the difference between

rigid components and soft, variable stiffness components,

demonstrating the feasibility of building JLUs made of one

or two soft, variable stiffness components for constructing

collaborative robots as well as providing valuable guidance

for the design and modification of soft, variable stiffness

components.

II. DESIGN AND INTEGRATION OF JOINT-LINK UNITS

(JLUS)

A. The omnidirectional variable stiffness link (VSL)

Based on our previous work [11], [12], [21], an omnidi-

rectional variable stiffness link (VSL) has been fabricated

for this work allowing modularity when building sets of

stiffness-controllable joint-link units (JLUs). The VSL con-

sists of a cylindrical shell made of a silicone/fabric composite

and a 1mm diameter elongation-limiting steel wire between

the top and base cap as shown in Fig. 2 (a). The silicone

layer is made of the Dragon-Skin 20 (Smooth-On, Easton,

PA, USA) with a maximum elongation of 620% and tensile

strength of 550psi. The fabric is made of canvas fabric

with a 1mm thickness and sewed using cotton thread into

a cylindrical shape. The cylindrical shell is tightened to the

caps by plastic ties. Input of pressurized air will lead to an

increase in stiffness as the volume of the VSL is constrained

by the fabric material. The non-stretchable reinforced fabric

tightly surrounding the cylinder wall is used to prevent

any radial extension, while the elongation-limiting wire in

the centre maintains the length of the link. In order to

allow modularity of different JLU components (a Dynamixel

XM430 servo motor, a rigid link and the variable stiffness

joint (VSJ)), the VSL has a 40mm diameter with a 100mm

length. The VSL has been manufactured utilizing injection

molding. The molds are shown in Fig. 2 (b). The injection

molding process minimizes any air bubbles remaining in the

silicone during molding procedure.

B. The rotational variable stiffness joint (VSJ)

To achieve variable stiffness capability of our soft robotic

joint VSJ, we designed and manufactured two silicone-based

chambers and a rigid central hinge as shown in Fig. 2 (c).

The silicone-based chambers are located on each side of the

hinge, opposing each other. These chambers can be pressur-

ized by compressed air so that they will elongate pushing the

tip of the hinge and resulting in a rotation motion. Stiffness

can then be achieved by pressurisation of both chambers

simultaneously in an antagonistic way. The thickness of

the hinge is 6mm. The walls of the actuation chambers

are 3mm thick. For the fabrication of the silicone-based

actuation chamber, the injection molding process was utilized

using Dragon-Skin 20 silicone rubber material (Smooth-

On, Easton, PA, USA). Dragon-Skin 20 has a maximum

elongation of 620% and tensile strength of 550psi. The

molds are shown in Fig. 2 (d). The central hinge is made

by a 3D printing process (SLA, Formlabs, Berlin, Germany)
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using Tough 2000 material (46MPa ultimate tensile strength).

The two chambers and central hinge are then assembled,

while non-extensible cotton fabric thread is twined around

the entire circumference to create a reinforced layer. The

outside wall mold is then used to create a silicone wall

for the joint, fixing the position of and gaps between the

reinforcement layer. The overall dimension of the VSJ is

shown in Fig. 2 (c). The diameter of the VSJ is 50mm and

the length 65mm.

C. VSL and VSJ pressure actuation system

To control the stiffness of the variable stiffness compo-

nents, the inner air pressure of the VSL and the two silicone-

based chambers of the VSJ are independently controlled.

Each pressure control system consists of a proportional

pressure regulator (Camozzi K8P-0-E522-0, 0 ∼ 3bar, 0 ∼

10v) and a voltage regulator controlled by a pulse-width

modulation (PWM) signal to supply 0 ∼ 10v voltage to

the pressure regulator. The entire system has also a 24v

power source for the regulators and a compressor supplying

a minimum of 3bar air pressure, as well as an NI PC-based

Data Acquisition (DAQ) to provide the PWM to the voltage

regulator while receiving the pressure feedback from the

pressure regulator. This system manages the air pressures

inside the VSL and VSJ silicone-based chambers, leading to

a change in their stiffness.

For the VSJ, one pressure regulator is connected to each of

the silicone-based chambers. By controlling the difference in

pressure for each chamber, a bending angle of the rotational

hinge can be achieved. Also, the stiffness of the VSJ can be

varied by inflating both chambers at the same time.

D. Combination of various link and joint components result-

ing in four joint-link units (JLUs)

To fully assess and compare the stiffness, load capacity,

and repetitive precision of joint-link units, four sets of units

have been composed as shown in Fig. 1: a Dynamixel

XM430 servo motor and a rigid link manufactured by

the SLS 3D printing process with the material of Nylon

PA2200 (JLU 1) representing the traditional rigid JLU of

collaborative robots, a motor joint and VSL (JLU 2), a VSJ

and a rigid link (JLU 3) as well as a VSJ and VSL (JLU 4).

For JLU 1, the XM430-W350 servo motor (DYNAMIXEL,

CA, USA) has a stall torque of 4.1N.m (at 12V, 2.3A).

Safety requirements limit the maximum driving current to

1.1A. The height of the servo motor is 46.5mm, the width

is 28.5mm and the length 34mm. Comparing the heights

between the servo motor and VSJ, the height of the VSJ

is 1.39 times the height of the motor. The dimension of the

rigid link is the same as the VSL, which is 40mm in diameter

and 100mm in length.

III. EXPERIMENTAL METHODS

Three experiments have been conducted to investigate the

stiffness, output force and repetitive precision and character-

ize the performance of the four types of different JLUs. In the

following section, we report on the experimental protocols

and setups.

A. Experiment 1 - stiffness evaluation

To characterize the change in stiffness for the set of JLUs,

all four units are set to their highest stiffness mode. For

the VSL and VSJ, the pressure values for the maximum

stiffness have been empirically determined. A summary of

the settings for the joints (either the servo motor or the

VSJ) and links (either the rigid link or the VSL) used in

experiments 1 and 2 is shown in Table I. Then, weights from

0N to 10N are mounted on the end of each JLU. As shown in

Fig. 3 (a), an Aurora 3D tracking system (NDI Intl., Ontario,

CA), an electromagnetic position tracking system, is used to

monitor the tip position during these loading processes. The

deflection of the end will indicate the stiffness of four types

of units.

B. Experiment 2 - output force evaluation

For characterizing the change in the output force for each

JLUs, the tip of each unit is placed on a Force/Torque (F/T)

sensor (IIT, Genova, Italy) as shown in Fig. 3 (b). Depending

on the JLU, the motor or VSJ are then actuated to the

maximum output torque (i.e. 1100mA current or 2bar in

air pressure, respectively), while the inner pressure of the

VSL is incrementally increased from 0.25bar to 1bar by

0.25bar steps. The summary of the settings for experiment 2

is shown in Table I. Thus, the force generated by the four

JLUs is recorded by the F/T sensor.

Fig. 3. (a) Setup for experiment 1: The base of the JLU is fixed to a
platform with an Aurora magnetic tracking sensor mounted on its tip. The
tracked change of position represents the deflection of the JLU’s tip when
a set of weights from 0N to 10N with intervals of 2N are loaded on the
unit end. Hence, the stiffness of the unit can be determined. (b) Setup for
experiment 2: The base of the JLU is fixed to a platform, while the end of
the unit is attached to a Force/Torque (F/T) sensor by a circular connector.
When the actuators of the JLUs drive the rotational motion anticlockwise,
the end of the JLUs will exert a force on the F/T sensor. This recorded
force is the output force of the JLUs.
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TABLE I

SETTINGS OF PRESSURES AND CURRENT FOR JLU COMPONENTS DURING EXPERIMENTS 1 AND 2

Experiment 1

Joint Link

JLU 1 Dynamixel XM430 motor: stall torque mode/1100mA current Rigid link
JLU 2 Dynamixel XM430 motor: stall torque mode/1100mA current VSL: 1bar internal pressure
JLU 3 VSJ: 2bar/2bar internal pressure of two chambers Rigid link
JLU 4 VSJ: 2bar/2bar internal pressure of two chambers VSL: 1bar internal pressure

Experiment 2

Joint Link

JLU 1 XM430 motor actuation current: 0mA ∼ 1100mA Rigid link
JLU 2 XM430 motor actuation current: 0mA ∼ 1100mA VSL: 0.25bar/ 0.5bar/ 0.75bar/ 1bar internal pressure
JLU 3 VSJ actuation pressure: 0bar ∼ 2bar Rigid link
JLU 4 VSJ actuation pressure: 0bar ∼ 2bar VSL: 0.25bar/ 0.5bar/ 0.75bar/ 1bar internal pressure

C. Experiment 3 - repetitive precision evaluation

For characterizing the influence of the repetitive precision

of the JLUs, a combination of experiment 1 and 2 are used to

evaluate the repetitive precision with regards to the position

and force. For the repetitive precision test of the position,

the four JLUs are repetitively actuated from 10◦ to 40◦ in

10◦ steps. This experiment is run 30 times for each JLU. To

determine the repetitive precision with regards to the force,

the output current of the motor in JLU 1 and JLU 2 is set as

200mA, 400mA, 600mA, and 800mA, while the pressure of

the actuation chamber in JLU 3 and JLU 4 is set as 0.5bar,

1bar, 1.5bar, and 2bar. All force tests were carried out 30

times each as well.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Results for experiment 1 - stiffness evaluation

As shown in Fig. 4, the red and blue curves show the

deflection of JLU 1 and 2, where the actuation current in

both two motors is 1.1A. Both of these two curves seem

Fig. 4. Results of experiment 1: The red curve and blue curve show the
deflection of the JLUs 1 and 2. The actuation current in both motors is
1.1A. The green and yellow curves show the deflection of the JLU 3 and 4,
where the actuation pressure in both VSJs is 2bar. In all cases, the link
pressure in the VSLs is 1bar.

linear. The green and yellow curves show the deflection of

JLU 3 and 4, where the actuation pressure in both VSJs

is 2bar. These two curves show a non-linear behavior with

a similar tendency. The link pressure in the VSLs is 1bar

in all cases. The shaded area of each curve represents the

error distribution of the recorded deflections. For JLU 1 and

2, the error distribution is small and neglectable. For JLU

3 and 4, however, the error distribution increases and then

decreases again for loads between 4N and 8N. The results

of the stiffness evaluation show that the maximum deflection

of the four JLUs’ tips is 13.5mm, 21.6mm, 99.1mm and

104.4mm, respectively when our maximum load of 10N is

applied. Compared to JLU 1, the deflection of JLU 2 is 1.6

times higher, the deflection of JLU 3 is 7.3 times larger, and

the one of JLU 4 is 7.7 times higher. It can be concluded

that the VSL decreases only marginally the stiffness values

compared to the rigid link. However, the VSJ can just achieve

one-seventh of the stiffness values of the motor. In addition,

the curves of JLU 4 and 3 in Fig. 4 show a non-linear

behavior, while the curves of JLU 1 and 2 show a linear

tendency. Hence, the VSJ results in non-linearity of the JLU

behavior.

B. Results for experiment 2 - output force evaluation

In Fig. 5 (a), the red curve shows the output force of

JLU 1. The other four curves show the output force from

JLU 2 with 1bar, 0.75bar, 0.5bar and 0.25bar internal pres-

sure of VSL. The maximum output force of JLU 1 is 8.74N,

while the maximum output force of JLU 2 supplied with

different pressure values are 8.17N, 7.98N, 7.76N, 6.32N.

In Fig. 5 (b), the red curve shows the output force of JLU 3.

The other four curves show the output force from JLU 4

with 1bar, 0.75bar, 0.5bar and 0.25bar internal pressure of

the VSL. The maximum output force of JLU 3 is 13.62N,

while the maximum output force of JLU 4 with different

pressure values applied to the VSL are 12.78N, 12.51N,

12.32N, 11.78,N. The shade of each curve illustrates the

error distribution of the recorded forces. From the results of

the output forces, it can be seen that the VSJ can achieve

a higher output force than the Dynamixel XM430 motor

(i.e. the maximum output force from VSJ is 1.55 times

the maximum output force of the motor). Also, comparing
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the forces generated by JLU 3 and 4 inflated with different

internal pressure (i.e. 1bar, 0.75bar, 0.5bar, 0.25bar), it is

observed that the output forces from JLU 4 are 0.93, 0.91,

0.9, 0.86 times of the force from JLU 3, respectively. It can

be concluded that a VSL of any JLUs will only decrease the

output force of the unit slightly, in particular at sufficiently

high-pressure values of VSL (i.e., 1bar).

C. Results for experiment 3 - repetitive precision

In Figs. 6 and 7, the box plots show the distribution

of the bending angles and forces when the four JLUs are

moved 30 times. For the position repetitive precision plot

in Fig. 6, (a)-(d) show the data for JLU 1-4, respectively.

Here, JLU 1 shows the highest repetitive precision, where

the bending angle fluctuates within 0.1◦, irrespectively of

the value of the bending angle. The bending angle of JLU 2

fluctuates within 0.13◦. For JLU 3, however, the maximum

Fig. 5. Results for experiment 2: The red curve shows the output force of
(a) JLU 1 and (b) JLU 3. The other four curves show the output forces from
(a) JLU 2 and (b) JLU 4 with 1bar, 0.75bar, 0.5bar and 0.25bar internal
pressure of the VSL.

error range becomes 0.5◦. JLU 4 has the lowest position

repetitive precision - the maximum error reaches around 4◦ at

40◦ bending angle. It can be concluded that the repetitive

precision decreases through the introduction of the VSL (by

2 to 8 times) and VSJ (by 5 to 30 times) into the kinematic

chain.

From Fig. 7, it can be observed that the repetitive forces

generated by JLU 1 and 2 have similar error ranges (i.e. from

0.1N to 0.5N) when the motor current is 200mA, 400mA,

600mA and 800mA. However, the error ranges of the forces

from JLU 3 and 4, reaching from 0.1N to 1.2N, are slightly

larger compared to the ones from JLU 1 and 2. So, the

VSJ decreases the repetitive precision of the force. The error

range becomes up to 2 times larger compared to the error

resulting from experiment with the servo motor. Further,

there seems to be no difference in error range between JLU

1 and 2 as well as between JLU 3 and 4. Hence, the VSL

has no negative effect on the force repetitive precision.

D. Discussion

Firstly, comparing the VSL at 1bar inner pressure with the

rigid link in the stiffness evaluation testing (experiment 1),

the maximum deflection of JLU 2 is 1.6 times larger than

the one of JLU 1, while the maximum deflection of JLU 4

is 1.05 times that of JLU 3. In other words, the decreased

rate of stiffness of the VSL is 37.5% and 5.1%. Considering

the inherent disadvantages of soft materials, the decreased

rate of stiffness seems acceptable and the VSL can achieve

a similar level of stiffness as the rigid link in a high-pressure

state. Looking at the output force results (experiment 2),

the maximum output force from JLU 2 with a 1bar inner

pressure inside the VSL is about 0.93 times the force

generated by JLU 1. The output force from JLU 4 with a

Fig. 6. Results for experiment 3: Box plot for the repetitive precision with
regards to the position for (a) JLU 1, (b) JLU 2, (c) JLU 3 and (d) JLU 4.
The bending angle of the JLUs are set to 10◦, 20◦, 30◦ and 40◦. Each JLU
is actuated 30 times. The four insets of each sub-figure are enlarged images
for each box plot.
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TABLE II

SUMMARY OF THE RELATIVE COMPARISON RESULTS

Repetitive Position Precision Repetitive Force Precision
Components Max Stiffness Max Output Force

10◦ 20◦ 30◦ 40◦ 1 2 3 4

Rigid Link (Nylon PA2200) 1 1 0.66 0.62 1 1 0.44 1 1 0.59
VSL (1bar inner pressure) 0.62 ∼ 0.95 0.93 ∼ 0.94 1 1 0.33 0.61 1 0.84 0.99 1

Servo Motor (XM430) 1 0.64 ∼ 0.65 1 1 1 1 0.56 1 1 1
VSJ (2bar actuation pressure) 0.14 ∼ 0.21 1 0.11 0.25 0.07 0.17 1 0.5 0.26 0.88

1bar inner pressure inside the VSL is 0.94 times the force

generated by JLU 3. Hence, the VSL has a very small

influence (a 6% to 7% decrease in output force) on the

maximum output force. This slight decrease is caused by

the shape deformation of the VSL.

Secondly, from the repetitive precision results (experi-

ment 3), it is evident that the position error of JLU 1 and 2

both remain around 0.1mm. The position error of JLU 3

and 4 increase to around 0.4mm and 1mm, respectively. In

particular, the error reaches 3.97mm when JLU 4 is actuated

to 40◦. Hence, a VSL alone does not increase the overall

position error. A combination of a VSL and VSJ, however,

returns an additional position error of about 3.97mm. This

rather larger error might result from an error superposition

of measurement errors and mechanical errors of the two

variable stiffness systems introduced in the JLU. Looking

at the results of the repetitive force precision, JLU 1 and 2

have similar levels of force errors of about 0.25N, while

JLU 3 and 4 have a similar level of circa 1N.

Overall, the VSL prototype in this paper shows a 5.1% to

37.5% decreased rate in stiffness values and a 6% to 7%

decreased rate in output force when compared to a rigid

Fig. 7. Results for experiment 3: Box plot for the repetitive precision
with regards to forces for (a) JLU 1, (b) JLU 2, (c) JLU 3 and (d) JLU 4.
The current of the servo motor for JLU 1 and 2 is set to 200mA, 400mA,
600mA and 800mA. The current of the motor for JLU 3 and 4 is set to
0.5bar, 1bar, 1.5bar and 2bar. Each JLU is actuated 30 times. The four
insets of each sub-figure are enlarged images for each box plot.

link. When the joint is a servo motor, experiments with the

VSL achieve nearly the same repetitive position precision

compared to experiments with a VSJ (when the position error

is around 2 times larger) and almost the same repetitive force

precision. Comparing the VSJ with the servo motor in the

stiffness evaluation (experiment 1), the deflection of JLU 3

is 7.3 times larger than that of JLU 1, while the deflection

of JLU 4 is 4.8 times higher than that of JLU 2. Hence,

the VSJ has a significant effect on the overall stiffness when

compared to the servo motor. In terms of output force, the

opposite statement can be concluded: the output force applied

by JLU 3 is 1.55 times larger compared to JLU 1, and the

force applied by JLU 4 is 1.56 times higher than JLU 2.

Hence, the VSJ can generate more force (around 1.5 times

more) than the servo motor (at the applied current values).

Looking at the repetitive precision, the position error from

JLU 3 and 4 is around 5− 10 times larger than the error

of JLU 1 and 2, while the force error from JLU 3 and 4 is

around 2 times larger than the error of JLU 1 and 2.

The servo motor can achieve 4.8 to 7.3 times larger

stiffness values compared to the VSJ. However, the VSJ

can achieve 1.5 times larger output forces. Furthermore, the

repetitive position error of the VSJ is 5 to 10 times higher

compared to the servo motor, while the repetitive force error

is 1 to 2 times higher. A detailed comparison of the results

is presented in Table II, where the best values for each

characteristic are set as 1 and any value below these are

presented as percentages of the corresponding best values.

V. CONCLUSIONS

This paper characterizes joint-link units (JLUs) made of

a combination of a variable stiffness link (VSL) and joint

(VSJ) as well as a servo motor and rigid link. Experimental

results show that the VSL has minor differences in terms

of stiffness (0.62 ∼ 0.95), output force (0.93 ∼ 0.94), and

repetitive precision compared to a rigid link. Hence, a VSL

has great potential to replace a rigid link without a significant

decrease in performance. For the VSJ, experimental results

show that there is a significant difference in the perfor-

mance of the servo motor in terms of maximum stiffness

(0.14 ∼ 0.21) and repetitive position precision (0.07 ∼ 0.25).

Nonetheless, it can be concluded that a similar performance

with regards to repetitive force precision and better perfor-

mance with regards to the maximum output force (1.54 ∼

1.55 times) can be achieved. Future works include creating

advanced VSJs and multi-degree-of-freedom cobots made of

the presented JLUs.
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