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Abstract: Human-robot safety is an important topic in wearable robotics, especially in supernumerary robotic limbs
(SRLs). The proposal of flexible joint improves human-robot safety strategy, which allows physical contact between
human and robots, rather than strictly limiting the human-robot motion. However, most researchers focus on the
variable stiffness features of flexible joints, but few evaluate the performance of the flexible joint in the human-robot
collision. Therefore, the performance of two typical flexible joints, including the series elastic joint (SEJ) and the
passive variable stiffness joint (PVSJ) , are compared through dynamic collision experiments. The results
demonstrate that the SEJ absorbs 40.7%—58.7% of the collision force and 34.2%—45.2% of the collision torque in
the driven-torque below 4 N+-m and driven-speed of 3—7 (°)/s, which is more stable than PVSJ. In addition, the
stiffness error of SEJ is measured at 5.1% , significantly lower than the 23.04% measured in the PVSJ. The huge
stiffness error of PVSJ leads to its unreliability in buffering collision. Furthermore, we analyze results and confirm
that SEJ has a more stable human-robot safety performance in buffering dynamic collision. Consequently, the SEJ is
suitable in SRLs for human-robot safety in our scenario.
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0 Introduction

Supernumerary robotic limbs (SRLs) " are a
new type of wearable robot with independently loco-
motion robotic limbs, and they can be used as the
wearer’s additional limbs for cooperative opera-
tions'”'. Currently, the SRLs face a significant chal-
lenge about human-robot safety'®’, because the ro-
botic limbs are very close to the human body. And
the conventional human-robot safety strategy is no
longer suitable for the SRLs. For example, strictly

781 of motion

limiting the SRLs” speed”® and range
will diminish the collaborative efficiency of SRLs

greatly and fail to demonstrate the benefits'”'. Allow-
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ing some physical contacts between robotic limbs
and the human body or biological limbs will have
the potential to change human-robot safety strategy
of SRLs dramatically. The flexible joint with vari-
able stiffness characteristics offers the possibility of
such contact between the wearer and SRLs'.
Therefore, this paper explores what kind of flexible
joints are suitable for safety requires of human-robot
collaboration in SRLs.

Flexible joints absorb load impacts via the elas-
tic potential energy of the elastic element between
the drive motor and robotic limbs to allow the physi-

cal contact between wearer and SRLs"""*!, When a
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minor collision occurs, SRLs with flexible joints
can become “soft” to ensure human-robot safety
without reducing work efficiency. Consequently,
this paper believes that the flexible joints in SRLs
are very imporcant for the study of human-robot
safety, and it is valuable to explore the safety perfor-
mance of the flexible joints.

The flexible joints can be divided into two cate-
gories: Series elastic joints (SEJ) "™ and variable
stiffness joints, which are mainly categorized into
active variable stiffness joints "’

stiffness joints (PVSJ) ™. PVSJ is widely utilized

in wearable robots since it has small size and lighter

and passive variable

weight. The SEJ has segmental stiffness properties,
which is realized by the deformation of the compres-
sion spring. Toubar et al.""" designed a discrete SEJ
based on a unique design topology, it had three ad-
justable stiffness for using in unstructured environ-
ments. However, this SEJ increased the weight of
the joint and the complexity of control. The variable
stiffness characteristics of PVSJ do not require addi-
tional drive units. The stiffness changes with the de-
flection angle of the mechanism. Qian et al.'"” de-
signed a reconfigurable PVSJ that achieved adjust-
able stiffness over a wide range from 0.095 N+-m/(")
to 2.33 N-m/(°) through a reconfigurable rotational
flexible module. In addition, to satisfy the low im-
pedance, the high force control accuracy, and the
safe physical human-robot interaction, this flexible
module has nonlinear stiffness and multiple stiffness
profiles by different configurations.

To evaluate the safety performance of the flexi-
ble joints, Chen et al.""*" designed a SEJ with a tor-
sion spring and conducted collision experiments.
The collision experiments demonstrated that a low
collision energy resulted in a minimal deflection an-
gle of the torsion spring. They evaluated the buffer
performance by the deflection angle, but they did
not quantitatively measure its buffering capacity.
Wang et al.""” investigated the effect of SEJ on colli-
sion forces under different conditions. The result
showed that increasing soft covering thickness, de-
creasing load inertia, collision velocity and joint

stiffness could diminish collision force. This pro-

vides the basis for the design of flexible joints, but
this study did not consider the safety of the robots.
Fern’ andez et al.'"" designed a SEJ for human-ro-
bot safety. But the effectiveness of the human-robot
safety was not evaluated, only simulations and ex-
periments were conducted. Wolf et al."*' proposed a
flexible joint for human-robot safety and demonstrat-
ed the joint’ s ability to store energy by experiments.
Their works proved indirectly the value of flexible
joints in human-robot safety, but they did not quan-
titatively evaluate the performance of flexible joints.
Calanca et al.'”"" designed an economical series elas-
tic link by the idea of SEJ and pointed that plastic
deformation of the material might also help buffer
the impact. Park et al."**' proposed a PVSJ and con-
ducted dynamic collision experiments to demon-
strate its effectiveness in human-robot safety. But
this study did not quantitatively measure the buffer-
ing capacity or consider the safety of the robots. The
above researchers have proposed different approach
for achieving human-robot safety in flexible joints,
but they did not quantitatively evaluate the buffer
performance of the flexible joints. Meanwhile, the
safety effectiveness of SRLs with different types of
flexible joints needs to be investigated.

In summary, the SEJ and PVSJ are widely
used in collaborative wearable robots. However,
they exhibit significant differences in human-robot
safety performance due to the fundamental differenc-
es in variable stiffness actuation principles. This dif-
ference may have implications for human-robot safe-
ty performance. This paper finds that the PVSJ
does not perform stably as well as the SEJ in specif-
ic situations. There is no consensus on the effective-
ness of SEJ and PVSJ for human-robot safety.
Therefore, it will be meaningful to explore the per-
formance differences of two typical flexible joints in
human-robot safety and what kind of flexible joint is
suitable for SRLs, which can contribute to the real-
ization of safe human-robot interactions for SRLs.
This paper designs and manufactures a SEJ with
segmental stiffness characteristics. Then explores
and analyzes the human-robot safety of SEJ and

PVSJ by dynamic collision experiments.
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The main contributions of this paper are as fol-
lows. (1) A SEJ modular with segmental stiffness
characteristics for SRLs 1s designed and manufac-
tured. (2) The SRLs with SEJ reveal the more sta-
ble feature than the PVSJ in dynamic collisions, and
the SEJ has better buffering performance than PVSJ
in dynamic collisions.

This paper is organized as follows: Section 1
proposes the design indicators of the flexible joints
for SRLs based on the requirement of human-robot
safety. In Section 2, the SEJ’ s segmented stiffness
model is established and the parameters are opti-
mized. In Section 3, dynamic collision experiments
are conducted to compare the SEJ, rigid joint (RJ)
and PVSJ, highlighting the human-robot safety ef-
fectiveness and the stable performance of the SEJ.
Section 4 discusses the hysteresis effect of the
PVSJ, analyzes the experiment result, and states
the limitation of this work. Finally, Section 5 pro-
vides a comprehensive summary of the aforemen-

tioned work.
1 Flexible Joint Design Indicators

1.1 Structure of SRLs and operation mode

The SRLs is shown in Fig.1(a) , which has 4
degrees of freedom (DOFs) including 2-DOFs in

, Belt Shoulder joint
! driven

the shoulder, 1-DOF in the elbow, and 1-DOF in
the wrist. The elbow joint is actuated by a belt
mechanism, elbow motor and two shoulder motors
which are both mounted on the base of SRLs to de-
crease the motion inertia during collaboration.

The connection between flexible joints and
SRLs is depicted in Fig.1(b). The flexible joint’ s
input is connected to the shoulder joint motor output
flange, and the flexible joint’s output flange is con-
nected to the elbow joint motor. This enables the
power flexible transmission of the shoulder joint.

This paper designs a collaboration scenario for
SRLs to assist in sheet installation. The workflow 1s
shown in Fig.2. It can be seen that the human needs
to hold and install the sheet simultaneously, necessi-
tating the SRLs for supporting the sheet. Through-
out both the swing and stance periods, the human’s
biological limb and robotic limbs are in motion,
with the shoulder joint constantly providing torque
to support the sheet. At the same time, the human-
robot workspace partially overlaps, the risk of hu-
man-robot collision is significantly elevated. As a re-
sult, the shoulder joint of SRLs needs protection es-
pecially, and it is necessary to propose a flexible
joint for the shoulder to reduce the impact of unex-

pected human-robot collisions.
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(a) Prototype of SRLs (b) Connection of flexible joints and SRLs
Fig.1 Structure of SRLs
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Fig.2 Workflow of SRLs to assist in sheet installation
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1.2 Human-robot safety design indicators

This paper proposes design indicators for the
flexible joints of SRLs based on the passive safety
requirements during sheet support. In the investiga-
tion of human-robot collision safety and the peak
force impacting human body injury, certain scholars
have established a safety threshold of 50 N for exter-
nal force'®’. Through the analysis of peak collision
forces and the corresponding formula of joint stiff-
ness K, along with the physical parameters of the
SRLs, it can be inferred that joint stiffness should
satisfy K<<64.66 N-m/rad. Furthermore, by ana-
lyzing the model of operation in the work plane, the
required maximum output torque of the shoulder
joint is 2.07 N-+m. Simultaneously, the design of
the joints should adhere to the principles of light-
weighting. The design indicators are summarized in
Table 1.

Table 1 Design indicators

Design indicator Value
Stiffness/(Nemerad ') <.64.66
Output torque/(N+m) =2.07

Mass/g <250 (Without motor)

2 Structure Design and Analysis of
SEJ with Segmental Stiffness

The structure of SEJ is shown in Fig.3. In this
illustration, the rack’s center is positioned at a dis-
tance R from the geometric center of the output
flange. The spring radius is r, the stiffness is £, and

the total length of the spring set is H.

Fig.3 Design principles of elastic units for SEJ

When the elastic unit is deflected by an angle
0, the geometric center S, of the spring assembly is

displaced from its initial position by dx. Under this

condition, there are two possible states of the com-
pression springs: (1) All the springs are in compres-
sion, and (2) one spring is in compression, and the
other one returns to the free state.

When the mechanism deflection angle is less
than 6, (<< 6,) , springs on both sides of the rack
are compressed. Within this range, the displace-
ment dx of the rack, and the torque z applied to
springs are defined as

Fo=F(x,+ 62) (1)
F,=k(xo— 1) (2)
dx = Rtan 0 (3)
t=(F,— F,)R=2kR" tan ¢ (4)
where x, is the pretension length of spring.

Due to the spring radius, the proximal and dis-
tal ends of the output flange’ s geometric center ex-
periences different torques. According to the mean
value theorems for definite integrals and Eq.(4) ,

the torque of a set of springs can be obtained.

2

1 (rer ,
- J 2h7” tan Odz = 2k tan 0| R? +
2*7" R— 3

(5)
Assuming that three sets of springs are ar-
ranged in an equilateral triangle configuration, the

resulting combined torque and joint stiffness can be

derived as
rZ
Tro!aIZSTIZthan(9<R2+3) (6)
K_ dz.mml_6k R2+LZ (1+t 26) (7)
dé 3 an

When 0= 0,, only one of the springs is under
compression, while the other one returns to the free
state. Consequently, the resulting combined torque
and joint stiffness are obtained as

2

2
3

Tmu,123latan¢9(R2+ )+ Sktanﬁn(R2+g)
(8)

2

dTmlalZ re
K —
dg 3

—S/z(RZ—F )(I—O—tarfﬁ) 9)

From the above analysis, it can be seen that
the joint stiffness reduces to half of its normal oper-
ating range when 6-=6,, enhancing its ability to buf-

fer collision.
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2.1 Functional design of SEJ with segmental

stiffness characteristic

To achieve the segmented stiffness characteris-
tic in the SEJ, &, is adjusted to create two distinct
stiffness curves. This design aims to maintain high
stiffness when the mechanism deflection angle is
small and maintain lower sitffness when the mecha-
nism deflection exceeding the safety threshold. The
safety threshold angle is established based on the
Eq.(10).

0, = arctan(?) (10)

The design of SEJ is constrained by the size
limitation. The primary objective is to ensure that
the maximum output torque exceeds 2.07 N-m.
Slight perturbations from human movement can lead
to increases in load torque. To enhance safety and
accommodate such variations in torque, a maximum
safety torque of 2.6 N-m is established. Through
the utilization of Eq.(8), the safety threshold angle
is calculated to be 5.5°. Employing Eq.(10) , the
pretension length of the spring is determined. The

segmental stiffness principle is shown in Fig.4.

Elastic unit
deflection angle 6

<Safety
threshold 6,

Pressure on both sides | | Pressure on one sides |

| l- SEJ with i
!|  Constant stiffness K, | segmental |The stiffness change to K,/2| !
! stiffness !

Fig.4 Segmental stiffness principle of SEJ

The SEJ is illustrated in Fig.5. It is engineered
to convert motor rotation into linear spring deforma-
tion, which is then transmitted to the joint output.
The SEJ comprises three compression springs ar-
ranged in an equilateral triangle configuration. Dur-
ing operation, when the motor rotates, it drives the
gear shaflt to rotate. As the gear shaflt rotates, it
compresses the springs. The compressed springs
then transfer this mechanical energy to the output

flange, achieving flexible transmission and reducing

the impact.

Moto

Circlips

Compression
spring
Gear shaft

Rack

Fig.5 SEIJ prototype

2.2 Transmission parameter optimization for
SEJ

To evaluate the effect of different transmission
parameters in practical applications, this paper out-
lines four distinct configurations, as detailed in Ta-

ble 2. The optimal configuration will be selected.

Table 2 Configuration parameters of SEJ

Configuration groups

1 Il m N

Parameter name

Gear shaft m,/mm 0.9 0.9 1.375 0.5
Gear shaft 2, 18 18 12 36
Rack m,/mm 0.9 09 1.375 0.5

Rack z, 4 5 3 8

Rack length LL/mm 11.9 16.0 16.0 16.0

Spring pretension length z,/mm 0 2.04 2.04 2.04

Due to variations in gearing parameters, it is
essential to first evaluate the strength of different
configurations.  Configurations that meet the
strength requirements will be selected. Subsequent-
ly, real stiffness identification experiments are con-
ducted based on the experimental setup shown in
Fig.6. The configuration with the smallest error is
selected as the optimal.

In this paper, 3D printing is used to process
non-standard parts, and the material is nylon materi-
al. The rack and shaft of the four configurations will
be calibrated for strength. The root bending fatigue

strength 1s calculated as
o ZKT] YFS

Op —

(11)
pom’ 2’

where oy 1s the root bending fatigue strength. K is
the load factor, K= K,KyvK;K,, where K, is the
application factor, Ky the dynamic factor, K, the
load distribution factor, and K, the load sharing fac-
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Fig.6  Stiffness identification experiment setup

tor. Yrs 1s the combined tooth form factor, Yes=
Y..Yr., where Y, is the stress correction factor,
and Y&, the tooth form factor. T, is the torque, ¢,
the face width factor, m the module, and z the num-
ber of teeth.

The surface contact fatigue strength is calculat-

2KT1 u+ 1 P
oy — PR ZyZy (12)
§0dd u

where oy 1s the surface contact fatigue strength, Z

ed as

the zone factor, and Zg the elasticity factor. u is the
transmission ratio, which is taken to be infinity
here. d is the pitch diameter of the gear.

Following the Eq.(11) , the root bending fa-
tigue strength of configuration IV is 56 MPa, which
exceeds the specified limit 44 MPa. The configura-
tion IV does not meet the requirement and is there-
fore discarded.

Eventually, the SEJ under configurations [ ,
I , and [l are manufactured, and its prototype
structure is shown in Fig.7. The mass of the SEJ is
233 g (without motor) , which can meet lightweight
design indicators.

To verily the stiffness characteristics of the
SEJ, an experimental device as shown in Fig.6 is
designed for static stiffness tests. In the experiment,

the input shaft of the SEJ is fixed. The torque is ex-

Configuration | Configuration Il Configuration IIT
no pretension  pretension 2.04 mm  pretension 2.04 mm
L O

z=18
z=4

Fig.7 SEIJ prototype of different configurations

erted on the output shaft of the SEJ by the deflec-
tion of the pendulum. Torque sensors (DYLN-101,
Rated output: 1.0—2.0 mV/V) record torque, en-
coders (K22, Resolution: 1 600 P/R) record an-

gles. The results are shown in Fig.8.

o~ 3.5¢
g 3.0f
> 2.5¢
§ 2.0r
215 i .
g 1.0 /" - Simulation results of I
= 0'5 — Experimental results of ]
0.0 A . . . .
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0/()
? Simulation results
74— Experimental results of Il
g8 o Experimental results of [1]
g il S =
o 2r 4.1t ;
S Ip 39p i}
11.211.612.0
0 1 1 1 1

(=)
ok
~
=N
o

10
6/C)

Fig.8 Stiffness of SEJ with different configurations

To quantitatively evaluate the effectiveness of
our optimization, the error is defined as

maX| Tsimulation

Tl s 100%  (13)

€rror —

Trmax , simulation

where 7o 15 the simulated stiffness, 7., the real
stiffness, and 7. smawion the maximum stiffness of
simulation.

It can be seen that the errors of 1 , [l and [l
are 7.9%, 5.1% and 6.8% respectively. The curve
of 1 isnot segmented, because the spring is always
free on one side if it is not preloaded. This spring is
easy to shift its position during operation, which af-
fects the reliability of the transmission. In configura-
tion [l , a torque recession occurs at the end be-
cause of the large modulus of the [l , resulting in a

small number of teeth. After rotating to a certain an-
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gle, the phenomenon of single tooth meshing or
toothless meshing will occur. Tt will greatly affect
the reliability of the transmission system. Finally,
configuration II is selected as the optimal configura-

tion.

3 Buffer Performance Evaluation
of SEJ, PVSJ and RJ in Dynam -
ic Collisions

To evaluate the dynamic collision buffering per-
formance of the SEJ and demonstrate the perfor-
mance difference of SEJ, PVSJ and RJ, this paper
conducts dynamic collision experiments. The PVSJ

and RJ are shown in the Fig.9.

Output MotorFlleilblimﬂiule

flange

Pulley

(a) PVSJ

Output flange
(Rigidly connected to the motor)

(b)RJ
Fig.9 RJand PVSJ prototypes

The PVSJ has flexible module inside. It

achieves variable stiffness through a special four-link

mechanism, and its stiffness is shown as'*"!

K:ﬁ:
a0

aL

NS%FO (14)

where F, is the spring pretension, £ the stiffness of

dL ds
2 ‘2142 ‘27 2 714
N* s°L*+s 2 é‘l_-l—saﬁ ol | B+

spring, N the working branch, and other parame-
ters are related to its geometric shape. In past stud-
ies'*” which are shown in Fig.10, the optimal param-
eters of this PVSJ have been established. The
spring stiffness is 6 N/mm, the pretension is 20 N

and the working branch is 2.

Vol. 42
------- Simulation results (F,=20 N)
3[ - Simulation results (F,=40 N)
o~ 2p Simulation results (F;=60 N)
g
. 1F
€ of
Q
Bt
&t :
— Experimental results (¥,=20 N)
-3} — Experimental results (¥,=40 N)
L — Experimental results (7;=60 N)

-1.0 -0.5 0.0 0.5 1.0
0/ rad

Torque-deflection curves for PVSJ with different
]

Fig.10

parameters™

The RJ has no elastic elements inside, and it is
driven directly by the motor. The integrated rigid
module is 3D printed from nylon material.

The SEJ configuration and parameters are con-

sistent with the configuration II in Section 2.

3.1 Experiment of torque measurement in dy-

namic collision

The experimental setup for dynamic collision
torque measurement is depicted in Fig.11. The
SRLs are installed to the base and the initial position
of robotic limbs is vertical to the ground. The obsta-
cle for collision is positioned 40 c¢cm in front of robot-
ic limbs. The collision position is the forearm of
SRLs, which is about 50 cm away from shoulder
joints. After the collision of about 3 s, the motor re-
verses and returns to its initial position. Shoulder
joints are driven by DC motors (HT-04, Nominal
torque: 13 N+m), and the driven-speed are 3 (°) /s,
5(")/s and 7 (*)/s. Each of the three joints is in-
stalled on the shoulder of SRLs, and collision exper-
iments are conducted. The feedback torque of the

motor during the collision is measured.

Shoulder join |
- g .” S I
o (3
: I
A

PVSJ RI |

7l | Motor speed:
[0 30C)s, 5 () smum

Collision position

Fig.11 Experimental setup for torque measurement
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To demonstrate the buffering effect of flexible

joints more clearly, this paper compares the torque

Motor speed:
3(C)s,5(C)s, =
7C)s

Collision position
(Forearm of SRLs)

by different joints during the dynamic collisions.

The result is shown in Fig.12.

Stamap Collision Ret.ulg
€110 1 CT10!

3.0 p period p -
25 . .
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(a) Motor torque in dynamic collisions (Speed: 3 (°)/s)

_ Hysteresis effect
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Time /s
(b) Motor torque in dynamic collisions (Speed: 5 (°)/s)
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g 29 | PVSJ
g 1s
° 1.0
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03 2 4 6 § 10

Time /s
(c) Motor torque in dynamic collisions (Speed: 7 (*)/s)

Fig.12 Results of dynamic collision torque measurement

According to Fig.12, it can be seen that when
the motor speed is 3 (°)/s, the torque of the RJ in-
creases by about 2 200 % during the collision. The
measured value is approximately 22 times that of
the startup period, which poses a potential risk to
the robot’ s shoulder joint. In contrast, both SEJ
and PVSJ demonstrate good buffering performance.
The torque of SEJ and PVSJ only increase by
190% and 183%, respectively. And most of the im-
pacts are absorbed by the flexible joints. When the
motor speed is 5 (°)/s, the torque of RJ increases
by about 2 500% during the collision, while torques
of the SEJ and PVSIJ increase by about 190%
and 170% , respectively. When the motor speed is
7 (°)/s, torques of RJ, SEJ and PVSJ increase
by about 1 600% , 175% and 180% , respectively.

The results show that the flexible joint can effective-

ly buffer the shock of the motor during dynamic col-
lision.

In addition, when the motor speeds are 5 () /s
and 7 (°)/s, the torque of the PVSJ increases sud-
denly during the startup period due to the hysteresis
effect. The increased torque is similar to the peak of
collision. It means that the motor with PVSJ is sub-
jected to a torque increase suddenly with every start-
up. It is unstable and unsafe for the normal opera-
tion of the robot.

At a motor speed of 3 (°)/s, the hysteresis ef-
fect is negligible. In contrast, at speeds of 5 (*)/s and
7 (°)/s, the hysteresis effect becomes more pro-
nounced. This phenomenon may be attributed to the
fact that at higher motor speeds, the tendon under-
goes rapid deformation, but its response lags behind

the actuation, worsening the hysteresis effect. Con-
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versely, at slower motor speeds, the tendon has
more time to response, and the dynamic effects of
friction and material deformation may be decreased,
leading to a less noticeable hysteresis effect.

To evaluate the dynamic collision buffer perfor-
mance of different joints quantitatively, the parame-
ter buffer performance (BP) is utilized. The formu-
la for the BP . 1s shown as

Tmax ,RI— Tmax JFJ

BP e = X 100% (15)

Tmax ,RJ
where 7., 18 the max collision torque of RJ and
Tma, iy the max collision torque of flexible joint. The
higher the value of BP ., the better effect of buff-
ering torque. The specific values of each joint are or-

ganized in Table 3.

Table3 BP,,,. of SEJ and PVS]
Motor speed/ Max collision torque/(Nem)  BP ../ %
(()es™) RJ SEJ PVSJ SEJ PVSJ
3 2.6066 14286 1.4813 452 432
5 2.6242 17275 14549 34.2 446
7 2.756 1.7626 1.8154 36.0 34.1

According to Table 3, it can be seen that when
the speed is 3 (*)/s, the BP . of SEJ and PVSJ
are respectively 45.2% and 43.2%. The BP,,. of
SEJ decreases to 34.2% when the motor speed is
5 (°)/s. This is because the metal springs in SEJ
may display non-linear stiffness at high speeds, re-
sulting in incomplete energy absorption. When the
motor speed is 7 (°)/s, the BP . of SEJ and
PVSJ respectively decrease to 36% and 34.1%.
Higher speed collisions are more impactful and gen-
erate more collision energy, reducing the buffering
effect of flexible joints. Notably, it can be seen that
the BP . of SEJ is 34.2%—45.2%, the BP . of
PVSJis 34.1%—44.6% , which is similar and dem-
onstrates the effectiveness of flexible joints in colli-
sion buffering. And their buffering capacity is similar.

In summary, due to the PVSJ’s inherent hys-
teresis effect in startup period, the robot’ s opera-
tion is unstable. Meanwhile, the SEJ buffers 34 % —
45% collision torque, and the torque does not
change suddenly in the startup period. It demon-
strates that the SEJ performs more stable in terms

of human-robot safety.

3.2 Experiment of force measurement in dy-

namic collision

The experimental setup for dynamic collision

force measurement is depicted in Fig.13.

I network l

Micro
._ controller v Computer

i Industrial
\_ computer

Fig.13 Experimental setup for force measurement in

dynamic collision

In the dynamic collision experiment, the initial
position of the SRLs upper arm is precisely con-
trolled at 5.5 from the horizontal position. The
drive motor rotates both the RJ the flexible joints
with driven-torques of 1, 2, 3 and 4 N+m, respec-
tively. The robotic arm then collides with force sen-
sors(FNZ-50 N, Resolution: 0.1 N)to measure dy-
namic collision forces. Before each experiment, the
force sensors are calibrated using standard weights.
The results are presented in Fig.14.

To evaluate the dynamic collision buffer perfor-
mance quantitatively, the BPy,. is utilized. The for-

mula for the BP,,.. 1s shown as
Fmax RI T F

max ,FJ
— X 100% (16)
Fmax.RJ ’

where F ..« 1s the max collision force of RJ. The

BP force —

higher the value of BPy,., the better the buffering
effect. The BPy,.. of each parameter are organized in
Table 4.

According to Table 4, when the driving torque
is 1 N*m, the BP,. of SEJ and PVSJ are 58.7%
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Fig.14 Results of dynamic collision force measurement

Table 4 BP,,.of SEJ and PVS]J
Torque/ Max collision force/N BP /%
(N*m) RIJ PVSJ SEJ PVSJ SEJ
1 9.2 12.1 3.8 —31.5 58.7
2 13.5 12.8 6.3 5.18 53.3
3 23.8 12.2 12.2 48.7 48.7
4 30.7 11.6 18.2 62.2 40.7

and —31.5%, respectively. It means the maximum
collision force of PVSJ is even greater than RJ. This
negative buffering effect is attributed to the hystere-
sis effect inherent in the PVSJ during the loading
phase at lower torques. Specifically, when overcom-
ing static friction, the PVSJ deflects at a larger an-
gle and accumulates more elastic potential energy,
resulting in the maximum instantaneous collision
force which exceeds that of RJ. When the driving
torque is 2 N+m, the BP,. of SEJ and PVSJ are

53.3% and 5.18%, respectively. The BPg.. of
PVSJ is only 5.18% , which is insufficient to ensure
the safety of both human and robot. When the driv-
ing torque is 3 N+m, both the BP,.. of SEJ and
PVSJ are 48.7%. It demonstrates the two flexible
joints are comparable in buffering collisions. When
the driving torque is 4 N+m, the BPy,. of SEJ and
PVSJ are 62.2% and 40.07% , respectively. It dem-
onstrates both PVSJ and SEJ can buffer the colli-
sions well and the PVSJ has better performance
than SEJ.

In a word, in dynamic collisions, the collision
force buffering performance of PVSJ is unstable.
The PVSJ creates a negative effect when the driv-
ing torque is 1 N-m, and the collision force buffer-
ing performance is only 5% when the driving torque
1s 2 N+m. In contrast, the SEJ has more stable colli-
sion force buffering performance in dynamic colli-
sions. The SEJ is able to buffer 40.7 %—58.7% col-

lision force.
3.3 Results

Through above dynamic collision experiments,
the buffering performance of different joints is quan-
titatively evaluated. Experimental results indicates
that both the SEJ and PV SJ are capable of buffering
impac in dynamic collisions. However, when the
motor speed exceeds 5 (°)/s, the joint torque with
PVSJ undergoes an increase abruptly which is al-
most equivalent to a collision. This phenomenon 1s
attributed to the inherent hysteresis effect of PVSJ.
In addition, when the driven torque is 1 N+m, the
BP.. of PVSJ is negative, indicating that the
PVSJ increases the collision force compared to the
RJ. The two phenomena describe above may com-
promise the safety and stability of the robot during
normal operation.

In contrast, the SEJ demonstrates greater sta-
bility during dynamic collisions. Because it can buf-
fer 40.7%—58.7% of collision force and 34.2% —
45.2% of collision torque, and there are no negative
effects. The SEJ enables SRLs to operate more
safely in human-robot collaboration.

In a word, compared to the PVSJ, the SEJ is
more stable at different speeds and torque-driven in

dynamic collisions.
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4 Discussion

4.1 Exploring the hysteresis effect of PVS]J

Because of the PVSJI’ s design and principle,

[25]

hysteresis effects are inherently'®™. To further ex-
plore the cause of the hysteresis effect of the PVSJ,
the stiffness of the PVSIJ is tested based on the plat-
form shown in Fig.6. The experimental results are
shown in Fig.15. Meanwhile, the stiffness error of

the PV SJ is evaluated based on Eq.(13).

~ 2}—Experimental results 4

'" L Simulation results

Z ol N
B 0 i Error,,,

1 1
&-1f .|
[<:>‘ Hysteresis effect
2r (Stiffness increase suddenly)

—60 =40 =20 0
0/()

Fig.15 Real stiffness of PVS]J

20 40 60 80

According to Fig.15, it can be seen that the er-
ror of PVSJ is 23.04%, which is mainly caused by
the hysteresis effect. This is because when the
mechanism is deflected, the friction and the tension
of the tendon are not uniformly distributed. When
the deflection angle of the mechanism is small, the
PVSJ cannot overcome the [riction, resulting in a
gradual increase of the joint torque. During this peri-
od, the actual stiffness is much lower than the theo-
retical stiffness. When the deflection angle exceeds
a certain threshold, the PVSJ can overcome the fric-
tion and the rope quickly returns to the normal level.
During this period, the actual stiffness increases
abruptly, thereby exacerbating the instability of the
PVSJ.

Hysteresis effects have the potential to influ-
ence the stability of wearable robotic systems. For
example, when the robot is subjected to external im-
pacts, delays in joint torque response may increase

the risk of injury to the wearer.
4.2 Significance and limitations of the work

In this paper, a SEJ with segmental stiffness is
developed and evaluated. The above experimental
results reflect that the application of SEJ greatly in-

creases the safety of both humans and robots. Fur-

thermore, under certain motor parameters, robots
equipped with flexible joints execute smooth move-
ments, whereas robots with rigid joints tend to ex-
hibit chatter. This is because the flexible elements
can absorb and release energy, which avoids chatter.

In addition, to more effectively assess the hu-
man-robot safety performance of SEJ, a systematic
comparison of the three joint types is conducted.
Based on the above experiments, it is demonstrated
that the SEJ exhibits more stable and reliable hu-
man-robot safety performance compared to the
PVSJ.

There are some limitations in this paper. For
example, the collision buffering performance of the
flexible joints is not evaluated at higher speeds. Be-
cause the material strength is insufficient to support
higher-speed dynamic collision experiments. Be-
sides, it i1s observed that the flexible joints increase
the difficulty of position control. Because the motor
first compresses the elastic element. After reaching
a specific level of compression, the flexible joint ac-
tuates the robotic limb. During this process, the re-
lationship between the motor deflection and the de-
flection of the robotic limb is inherently nonlinear.
Consequently, the researchers use external sensors
such as encoders to solve this problem. With the in-
troduction of encoders, the position control be-

comes more complicated.

5 Conclusions

To improve the collaboration safety between
the wearer and SRLs, this paper designs a SEJ with
segmental stiffness mounted on the shoulder of
SRLs. In addition, this paper compares the human-
robot safety buffer performance of SEJ and PVSJ
under different conditions. The results indicate that
the SEJ is capable of absorbing 40.7%—58.7% of
the collision force and 34.2%—45.2% of the colli-
sion torque under dynamic collision conditions.
Moreover, compared to the PVSJ, which exhibits a
stiffness error of 23.04% , the SEJ demonstrates a
significantly lower stiffness error of 5.1%. As a re-
sult, the SEJ demonstrates greater stability and is

more suitable for application in SRLs.
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In the future work, both the PVSJ and SEJ
will be further optimized to enhance the perfor-
mance of human-robot safety. This includes reduc-
ing hysteresis effects in the PVSJ and employing
high-strength materials.
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