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Abstract: In this paper, a modular wire-actuated robotic arm was designed to improve the safety and
adaptability of service robots during human-robot interaction. To raise the stiffness adjustment range of the
robotic arm, a symmetric variable-stiffness unit was designed based on flexure, which had compact and simple
structure, and lowly nonlinear stiffness-force relationship. In this paper, we focused on the research of the
symmetric 1-DOF joint module. Based on the kinematics and stiffness analysis, the pose of the joint module
could be adjusted by controlling the length of the wires, and the stiffness of the joint module could be adjusted
by controlling the tension of the wires. Because of the actuation redundancy, the pose and stiffness of the joint
module could be controlled synchronously. Furthermore, a directly method was proposed for the stiffness-
oriented wire tension distribution problem of the 1-DOF joint module. A simulation was carried out to verify
the proposed method.

Keywords: wire-actuated robot; service robot; human-robot interaction; variable-stiffness unit

1. Introduction

Service robots usually work in the unstructured environment and interact with human. This
requires the service robots to be safe and adaptive. While the traditional rigid robots always have
heavy weight and high stiffness, which are not safe enough for human-robot interaction. In the past
decades, soft robots have attracted researchers’ attention, due to their great potential to interact with
the human and the environment more safely and more adaptively[1,2].

The human arm mainly composes of bones, joints and muscles. Since the human arm is actuated
by the soft muscles and the stiffness of the human arm can be adjusted by controlling the muscle
strength, it can work in our daily life safely and adaptively. Inspired by the human arm, wire-actuated
robotic arms are proposed to improve the safety and adaptability of service robots during human-
robot interaction.

The wire-actuated robot is a kind of soft parallel robots, which employs the soft wires instead of
rigid links to actuate the robot. Comparing with the rigid robots, wire-actuated robots have the
advantages of low inertia, large workspace, high safety and adaptability. Because of these
advantages, the wire-actuated robots are applied widely in many fields, such as lifting and
positioning [3,4], detection and maintenance [5-7], wearable rehabilitation and assistance [8-13],
medical surgery [14-16], soft robot arm and hand [17-20], bionic robot [21]. Researchers have

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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designed different wire-actuated robots and carry out a lot of research works, such as kinematics and
statics analysis [22-26], workspace analysis [27,28], wire tension analysis [29], stiffness analysis [30],
dynamics analysis [31,32], path and trajectory planning [33-35], motion and compliance control [36—
40] and so on. These works are valuable for the subsequent researches and applications of the wire-
actuated robots.

In this paper, we adopted modular design method to design a wire-actuated human-like robotic
arm, which could simplify the structure of the robotic arm and make it easy to analyze, control,
reconstruct and maintain. The modular wire-actuated robotic arm consisted of three joint modules in
series, i.e., a 3-DOF shoulder joint module, a 1-DOF elbow joint module, and a 3-DOF wrist joint. The
wire actuation units were located at the base of the robotic arm. Since the wires had the property of
unidirectional force transmission, the wire-actuated robotic arm was redundantly actuated, and the
stiffness of the robotic arm could be adjusted by controlling the wire tensions. These features made
the proposed modular wire-actuated robotic arm have low inertia, high load-to-weight ratio, large
workspace, variable stiffness and high safety. Due to the limitation of the wire stiffness, the stiffness
variation of the wire-actuated robotic arm was small. To raise the stiffness adjustment range, a
variable-stiffness unit (VSU) was designed to place in the wire actuation system [41]. However, the
existing VSUs generally had some following shortcomings [42—44]: (1) the VSU was made up with
several parts, which was complex, large and heavy. (2) The assembly of the VSUs could not keep
them same. (3) the stiffness-force relationship of the VSU was highly nonlinear. In this paper, a novel
VSU was proposed based on the flexure, which had simple, symmetric and compact structure, and
lowly nonlinear stiffness-force relationship. Furthermore, because of the redundant actuation
property, the wires of the joint modules and the robotic arm could be divided into two groups: one
for pose control and another for stiffness control. The pose could be adjusted by controlling the length
of the wires, and the stiffness could be adjusted by controlling the tension of the wires. It meant that
the pose and stiffness of the joint modules and robotic arm could be controlled synchronously. In
order to achieve the desired stiffness of the joint module or robotic arm, the stiffness-oriented wire
tension distribution (SWTD) problem should be solved. For multiple-DOF joint module, since the
stiffness model was complicated, it was always difficult to solve the SWTD problem directly. The
SWTD problem would be transferred into an optimization problem [45]. In this paper, we focused on
the kinematics, statics, stiffness and wire tension analysis of the 1-DOF joint module, and the stiffness
analysis of the VSU. The SWTD problem of the 1-DOF joint module was solved directly based on the
statics and stiffness analysis. A simulation was carried out to verify the proposed analysis.

2. Design of a Modular Wire-Actuated Robotic Arm with Symmetric Variable-Stiffness Devices

Inspired by the human arm, a wire-actuated robotic arm was designed in this paper, in which
the rigid links were employed to instead of the skeleton of the human arm and the flexible steel wires
were employed to instead of the muscles of the human arm. For the convenience of fabrication and
maintenance, the wire-actuated robotic arm was made up of three joint modules: shoulder joint
module, elbow joint module and wrist joint module. The three joint modules were connected in series
to build a modular wire-actuated robot arm, as shown in Figure 1. The end of each wire for the robotic
arm was connected with the wire actuation unit. All the wire actuation units were installed on the
base of the robotic arm. This arrangement could reduce the moment of inertia and improve the
security of the robot.
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Figure 1. Conceptual design of the modular wire-actuated robotic arm.

The three joint modules of the modular wire-actuated robotic arm could be divided into two
types: one-degree-of-freedom (1-DOF) joint module and three-degree-of-freedom (3-DOF) joint
module. The conceptual design of the 1-DOF and 3-DOF joint module were shown in Figure 2. The
1-DOF joint module had symmetric structure and consisted of a movable platform, a static platform,
a revolute joint, and wires. The 3-DOF joint module consisted of a movable platform, a static platform,
a spherical joint, and wires. Since the variation range of the steel wire was limited, a variable-stiffness
unit (VSU) was developed and placed along the wire to raise the variable-stiffness range of the robotic
arm and improve its flexibility and safety.

Movable platform

Movable platform

VSU

Spherical joint

Connecting to Connecting to Static platform
the wire actuation unit the wire actuation unit

Static platform

(a) (b)

Figure 2. Conceptual design of joint modules: (a) 1-DOF joint module; (b) 3-DOF joint module.

However, the existing VSUs generally had complex structure, large volume, heavy mass, and
highly nonlinear stiffness-force relationship. In order to overcome these disadvantages, a novel VSU
was proposed based on the flexure in this paper. As shown in Figure 3, the proposed VSU had simple,
symmetric and compact structure. The VSU had a rhombus frame, denoted by ABCD. When the force
t, € R acted at the point A and C, the VSU would deform. Due to the symmetric structure, we only

need to analyze the deformation behavior of one side of the VSU. In this paper, the finite element
method was employed to analyze the deformation of the VSU. The deformations of one side of the
VSU were investigated under different forces. The results of the finite element analysis were shown
in Figure 4.
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Figure 3. Design of the variable-stiffness unit (VSU): (a) diagram of the VSU; (b) deformation of the
VSU after pulling.
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Figure 4. FEA for one side of the VSU under different loads: (a) t, =100 N; (b) t,=200 N; (c)
t,=300N; (d) t,=400N; () t,=500N; (f) t,=600N; (g) t,=700N ; (h) t =800N ; (i)
t,=900 N .

Based on the FEA results, the stiffness-force relationship of the VSU yielded the following fitted
function

k, =0.47t> +118.05t, +21852.34 (1)
where K, € R was the VSU stiffness, t, € R was the force acted on the VSU. The curve of the

fitted function was shown in Figure 5, which had lowly nonlinear.
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Figure 5. Stiffness-force relationship of the VSU.

3. Kinematics Modelling and Analysis of the Symmetric Joint Module

In the 1-DOF joint module, the movable platform rotated around the center O of the revolute
joint with respect to the static platform. Two coordinate systems were established at the center O of
the revolute joint: the coordinate system {M} which was attached to the movable platform and the
coordinate system {S} which was attached to the static platform. When the two coordinate systems
coincided with each other, the joint module was said to be in the home pose, also known as the initial
pose.

Based on the two coordinate systems, the pose of the movable platform relative to the static
platform could be described by the pose of the coordinate system {M} relative to the coordinate
system {S}, which could be expressed mathematically by the rotation matrix R eSO(3). Here SO(3)

represented Special Orthogonal group. Since the 1-DOF joint module had only one rotational degree
of freedom, and the rotation only occurred in the OYZ plane of the coordinate system {S}, the pose
of the movable platform relative to the static platform could be described by the rotational angle

X

2] e(_%,%j about the X axis of {S}. That meant the rotation matrix R eSO(3) could be

determined by only one parameter 6, , which satisfied:

1 0 0
R=|0 cosf, -sing, (2)
0 sing, cosé,

When the 1-DOF joint module was in the home pose, 6, =0. When the movable platform
rotated in the positive direction of the X axis, 8, > 0. When the movable platform rotated in the
negative direction of the X axis, 6, <0.

Writing m =OM, e R (i=12) asthe distance of twopoints O and M,,and s, =0S, e R
(i1=12) as the distance of two points O and S, then for a given 1-DOF joint module, the
parameters M, and S; were constant. Writing @ = ZM,0S, e R (i=12) as the angle between
the two lines OM,; and OS;, when the 1-DOF joint module was in the home pose, the initial value
of @; was written as ¢, , which satisfied

9 =1~ £ZM,00,, ~ £S,00, ©

d0i:10.20944/preprints202405.1069.v1
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For a given 1-DOF joint module, ¢, was constant. When the movable platform rotated by the

angle @, from the home pose, ¢, yielded:

P=Po+0, (4)

@Oy =P~ 0, ®)

Writing ¢, =M.S, e R (i=12) as the wire length between two points M, and S;, then the
parameters C, and ¢, yielded:

¢’ =m? +s? —2ms, cos ¢, (6)

Substituting (4) and (5) into (6), then the wire length C; (i=1,2) satisfied the following

equations when the movable platform rotated by the angle 6, from the home pose, i.e.,

¢/ =m? +s) —2m;s, cos¢, =m +s; —2m;s, cos(e, , +6,) 7)

C; =M +55 —2M,S, COS @, =M, +S; — 2m,S, COS(¢, , — 6,) (8)

X

From (7) and (8), it could be concluded that the wire length C, (i =1,2) was determined by
the angle 6, . On the other hand, the desired pose 6, of the 1-DOF joint module could be reached
by controlling the wire length ¢, (i=1,2).

Differentiating on both sides of (7) and (8), we had the following results:

& =ms,

Sin((ol,o + 0)() éx (9)

C,=- 5 Sin(%o -0,)0,
C, '

(10)
T :
Writing |, = (C1 Cz) € R?, where C, (1=1,2) was the wire lengths of the 1-DOF joint module,

then (9) and (10) could be written in the following matrix form:
le=J X ex (11)
Here J, € R*" was the Jacobian matrix, which yielded:

m,s,

sin(g, o +6;)
J=| 12
| me, (12)
- sin(@,, —0,)
2
Writing @, =6, € R as the angular velocity of the coordinate system {M} relative to the coordinate
system {S} about the X axis of {S}, then (11) could be written as:

le=J.0, (13)
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From (13), for a given pose of the 1-DOF joint module, the change rate of the wire lengths, lc, was
determined by the angular velocity, @, . On the other hand, the rotational velocity @, could be
adjusted by controlling the change rate of the wire lengths.

Based on the parameters 6, and @, inthe OYZ plane of coordinate system {S}, the angle

vector 0 € R® and angular velocity ® € R® of the 1-DOF joint module in coordinate system (S}
could be written as following

HX
0= 0 (14)
0
a)X é)(
o= 0|=| 0|=0 (15)
0/ |o

According to the exponential formula, the rotation matrix Re 50(3) of {M} relative to {S}
could be written as following

R=¢g"=¢ (16)

where the operator (:) was defined by

, 0 -0, o
0o=|o, |>0=| o, 0 -o (17)
@, -0, o, 0

Then, in the coordinate system {S}, (13) could be expressed as following

e = Jo (18)

where the Jacobian matrix J € R*® yielded:

™3 sin(p,, +6,) 0 0

- ,

0 0)=| (19)
—mészsin((ozvo—ﬁx) 0 0

2

. . . . 2x3
For a given pose of the 1-DOF joint module, the Jacobian matrix J € R™ was constant. From

(18), for a given pose of the 1-DOF joint module, the change rate of the wire lengths, lc, was
determined by the angular velocity, ®. On the other hand, the rotational velocity @ could be
adjusted by controlling the change rate of the wire lengths.

4. Stiffness Modelling and Analysis of the Symmetric Joint Module

As shown in Figure 6, the external force and torque acted on the movable platform of the 1-DOF

joint module were denoted as f, € R® and T, €R®, the tension of the i" (i=12) wire was

denoted as t; € R?®, the force and torque acted on the revolute joint of the movable platform were
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denoted as f. € R® and T, € R®, respectively. In the coordinate system {S}, the movable platform

of the 1-DOF joint module satisfied the following equilibrium equations

2
f +f,+>.t,=0 (20)
i=1
2
To + T+ M xt; =0 (21)

i=1

where m, =0OM, e R®(i=1,2).

Static platform

Connecting to
the wire actuation unit

Figure 6. Diagram of the 1-DOF joint module.

— . Ci
Writing ¢, =M.S, € R® (i=1,2) and defining U, =—¢€ R® as the unit vector along the
G

i" (i=1,2) wire of the 1-DOF joint module, then the tension t, of the i" (i=1,2) wire could be

written as

t. =tu (22)

where t; = |ti| € R represented the value of the wire tension t;. Thus the equilibrium equations

(20) and (21) could be written as:

2
fu+f,=—>ut=-UT (23)
i=1
2 2
Tex+Tin =_Zmi><ti :_Z(mixui)ti ZJT T (24)
i=1 i=1

T .
where T = (tl '[2) € R® was a vector composed of the values of the wire tension t, (i=1,2),
and U :(Ul Uz) e R*? was a matrix composed of the unit vector U; (i=12), Je R*®
represented the Jacobian matrix and its transposed matrix J' eR¥? yielded:

JT=—(m;xu, m,xu,) (25)
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In this paper, the friction of the revolute joint was not considered. Then the component of the

torque T;, in the X-axis direction, denoted as 7;,, € R, yielded
Tinx = 0 (26)
In the OYZ plane of the coordinate system {S}, (24) could be written as

_ ms, Sin(%,o +06,) {4+ m.,s, Sin(%,o -6,)

t,=0 (27)
ex-X 2
G C,
where 7,,, € R represented the component of the torque T, in the X-axis direction.
That was
_ms, Sin(("l,o -0,) m,s, Sin((”z,o -0,)
exx - t
G C,
_ | MmS sin(g, +6,) _mys, sin(g,0—0,) |( & (28)
C, C, t,

T
=J, T
where J, was givenin (12).
When the component of torque acted on the movable platform of 1-DOF joint module increased

from 7, to T, +07,,, the movable platform would rotate slightly around the X axis of {S},
and the increment of the angular displacement would be denoted as d&, . The torque increment

dz,,, and the angular increment d6, yielded:
dz,, =K, d6, (29)
where K o, € R represented the stiffness of the 1-DOF joint module around the X axis of {S}.
Differentiating on both sides of (28), it yielded:

dr,, =dJT T+J7 dT (30)
Writing dJ] T as:
dJT T=D, do, 31)
where D, € R was defined as:
D, = 3:]91 T (32)

X
Substituting (12) into (32), it yielded:
D _ m,s,C; cos(¢, o +6,) —mis? sin’ (@, +6,) .

X 3 1
Cl

: (33)
_ M,S,C; Cos(@,0 —0,) + ms; sin’ (9,0 -6,

c,

L,

In addition, according to (11), we had:

dl, =J, dé, (34)
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Then dT could be written as:

dT =K, dl_ =K, J, dé (35)

diag diag “~ x X

0 -
where K. = (kl je R*?. Here, k; represented the stiffness of the i" (i=12) wire with

0 Kk,

the VSU in series. Since the stiffness of the wire was far greater than the stiffness of the VSU, then

k. ~k, (i=1,2), where k, € R was the stiffness of the VSU placed in the i" (i=1,2) wire.
Substituting (31) and (35) into (30), it yielded:

dr,., =D, d6, +J] Ky, J, d6, =(D, +J} K, J,)dé

X

diag diag (36)

Then the stiffness of the 1-DOF joint module around the X axis of {S}, K o, € R, could be written as

K, =D, +J] Ky J (37)

diag “~ x

For a certain pose of the 1-DOF joint module, the matrix J, was constant. According to (28), when

the component of the external torque, 7, , was given and one of the wire tension was determined,

X-X 7
another wire tension could be calculated. According to (37), the stiffness of the 1-DOF joint module
could be adjusted by controlling the wire tensions.

5. Wire Tension Analysis of the Symmetric Joint Module

Since the wire could only pull, but not push, the wire-actuated joint module was actuated
redundantly. According to the kinematics and stiffness analysis of the 1-DOF joint module, the wires
of the 1-DOF joint module could be divided into two groups. Each group included one wire. The pose
of the 1-DOF joint module could be adjusted by controlling the length of one wire, and the stiffness
of the 1-DOF joint module could be adjusted by controlling the tension of another wire. It meant that
the pose and stiffness of the 1-DOF joint module could be controlled synchronously. For a desired
pose of the 1-DOF joint module, @

 ses € R, the corresponding wire lengths could be solved from (7)

and (8) easily. For a desired stiffness of the 1-DOF joint module, K 0, des € R, the issue of finding
out the corresponding wire tensions was called stiffness-oriented wire tension distribution (SWTD)

problem.
According to the stiffness model (37) of the 1-DOF joint module, the desired stiffness K9x des

yielded:
Ko, es = Dy +J7K iagd (38)

diag™ x

According to the equilibrium equation (28) of the 1-DOF joint module, when the pose and external

force were given, 7, and J, were both constant. The wire tension t; could be expressed by a

X

function of the wire tension t,, i.e,,

m,s,C. Sin -0
_ Moot : ((02,0 x)t2+ -Clz-ex-x (39)
m;s,C, Sm(%,o + 0)() ms, Sln((pl,o + 9)()

Substituting (39) into (38), we had a quadratic equation with one variable t,.Solving t, from the
quadratic equation and substituting t, into (39), the wire tension t; could be obtained. Then the
two wire tensions t; and t, were both found out for the desired stiffness K 6,-des - That meant the
SWTD problem of the 1-DOF joint module was solved.

d0i:10.20944/preprints202405.1069.v1
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In order to avoid the actuation wire be slack, a lower limit of the wire tension t,;,, € R was set.
In order to avoid the tension of the actuation wire exceeding the capacity of the wire driving unit and
the VSU, an upper limit of the wire tension t_,, € R was set. In this paper, we set t . =100 N,
trex =900 N . The solved wire tensions in the safe interval (t,,,t,, ) were called the feasible wire

tensions.

6. Simulation Verification

To verify the proposed analysis and method, a simulation example was carried out. The 1-DOF
joint module for simulation was shown in Figure 6, and its dimension parameters were given below:
(a) the distance between the wire hole S, (i =1,2) and the center O; of the static platform:

0.S,=0.S, =0.070 m
(b) the distance between the wire hole M, (i=12) and the center O,, of the movable

platform:

0,,M,=0,,M, =0.050 m
(c) the distance between the center Og of the static platform and the center O of the revolute
joint:
h, =00, =0.080 m
(d) the distance between the center O,, of the movable platform and the center O of the
revolute joint:
hy, =00,, =0.060 m
Based on the dimension parameters of the 1-DOF joint module given above, the parameters
m, = O_l\/li, S, = O_Si, ®io (1=12) could be calculated:

[
m, =OM, =4/O,M,” +00,,” ~0.078L m (40)
2 2
5; =08, =40, +00;" ~0.1063m (41)
@, =m—£ZM,00,, — £S,00, ~1.7280 rad (42)

When the pose of the 1-DOF joint module, 8, , was given, the parameters ¢, = Z/M,0S;,c, = M,S,

(i =1, 2) could also be calculated according to (4), (5), (7) and (8), respectively.

In order to verify the solution to the SWTD problem of the 1-DOF joint module, two simulation
cases were set for different poses and external loads of the 1-DOF joint module, named Case 1 and
Case 2 respectively. For Case i (i =], 2) , two sub-cases were set for different desired stiffness,
named Case i-a and Case i-b (I=12) respectively. The cases of the simulation were listed in
Table 1.

Table 1. Simulation cases for the SWTD problem of the 1-DOF joint module.

External loads Pose Desired stiffness Wire tension
Case 7, (Nm) 6, (rad) Ky, es (Nm/rad) T=( t) ™)
Case 1-a 2 0.0524 368.66 (194.77 150.58)"
Case 1-b 2 0.0524 315.14 (162.93 120)T
Case 2-a 2 0.0349 324.25 (131.28 160)"

Case 2-b 2 0.0349 291.54 (110.47 140)'

d0i:10.20944/preprints202405.1069.v1
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Here, we took Case 1-a as an example to illustrate the solution to the SWTD problem of the 1-
DOF joint module. For the given pose 6, =0.0524 rad, the parameters D, and J, could be
calculated according to (33) and (12), respectively

D, =-8.12 (43)

J, =(0.0562 -0.0597)" (44)

Substituting 7., =2 NM and 6, =0.0524 rad into (39), the wire tension t, could be

obtained by the expression wire tension t,:

t, =1.0614t, + 35.5662 (45)

Substituting the desired stiffness K, 4, =282.81 Nm/rad and (45) into (38), a quadratic

equation of t, was obtained:

0.0033t? +0.88t, —207.3333=0 (46)

Solving (46), we had the wire tension t, =150.58 N. Substituting t, into (45), we obtained
the wire tension t, =194.77 N . The wire tensiont, and t, were both in the safe interval

(tmin ,tmax). In summary, for Case 1-a, the feasible wire tensions for the desired stiffness were

t,=194.77 N and t, =150.58 N.

Similar to Case 1-a, the wire tension solutions to the SWTD problem of the 1-DOF joint module
for the other simulation cases could be obtained. The results of the simulation were listed in Table 1.

7. Conclusion

In this paper, a modular wire-actuated robotic arm was proposed to improve the safety and
adaptability of service robots during human-robot interaction, which consisted of three symmetric
joint modules in series. To raise the stiffness adjustment range of the robotic arm, a variable-stiffness
unit (VSU) was designed based on flexure, which had simple, symmetric and compact structure. The
FEA result shown that the VSU yielded lowly nonlinear stiffness-force relationship. In this paper, we
focused on the research of the 1-DOF joint module, including kinematics, statics, stiffness and wire
tension analysis. It shown that the pose of the joint module could be adjusted by controlling the length
of the wires, and the stiffness of the joint module could be adjusted by controlling the tension of the
wires. Due to the actuation redundancy, the wires could be divided into two groups, and the pose
and stiffness of the joint module could be controlled synchronously. For a given desired stiffness, in
order to find out the corresponding wire tensions, the stiffness-oriented wire tension distribution
(SWTD) problem should be solved. In this paper, a directly method was proposed for the SWTD
problem of the 1-DOF joint module. A simulation was carried out to verify the effectiveness of the
proposed analysis and method.
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