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Abstract. The human upper limbs exhibit a multitude of daily functional behav-
iors, yet these diverse movements arise from a limited set of invariant units—syn-
ergistic bases comprising basicmotion primitives. However, as humanmovements
necessarily entails interaction with the external environment factors such as task
objectives and loads may impact the synergies, thereby compromising the control
of the wearable robotics based on those laws. Elucidating the influence of exter-
nal factors on the synergies governing human upper limb movements presents an
urgent yet unresolved challenge. The present study employed principal component
analysis (PCA) to identify the distinct synergies for movements associated with
differing task objectives. Comparison revealed that, for reaching movements and
transferring movements, the factors exerting the greatest impact on synergies are
displacement of the distal endpoints and hand grasping. For varied loads, analysis
of overall similarity across synergies under different loads revealed how motion
synergies changes with increased loads.

Keywords: Upper limbs · Motion synergies · Loads

1 Introduction

Motion synergies indicate that the different degrees of freedom (DoFs) among limbs are
not independent of one another, and they are coupled to ensure coordinated movements
of the human limbs [1]. Motion synergies are often applied in the design and con-
trol of anthropomorphic machines such as prostheses, rehabilitative exoskeletons, and
assistive exoskeletons [2]. Despite the proliferation of wearable robots, human-machine
interaction with these systems continues to be hampered by inadequate anthropomor-
phism and dexterity. In particular, undifferentiated application of the concept of common
motion primitives for control exacerbates environment interaction issues for wearable
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robots, especially under changing external conditions. Hence, study and elucidation of
the intrinsic laws of motion manifested during human interaction with the environment,
and application of these laws for control of wearable robots, may enhance rehabilitation
outcomes [3] and quality of life for individuals with limb disabilities and other users.

To explore the synergies of the humanupper limbmovements and elucidate themech-
anisms underlying their generation, researchers worldwide have conducted extensive
investigations. Employing motion capture system, Bockemuehl et al. obtained spatial
movement data across 10 DoFs for the arm and shoulder girdle during natural move-
ments, extending synergy research into three dimensions. Their experiment collected
single-hand capture motion data across 16 distinct trajectories [4]. By using PCA, these
data revealed stable synergies of high information coverage among joints. Computational
results showed that the original 10 redundant DoFs could be replaced by 3 principal com-
ponents (PCs) without losingmost motion information. Averta et al. proposed a dynamic
means of describing human movements that incorporates time as a variable in synergies,
demonstrating the temporally variant nature of synergies in human upper limb move-
ments. Their experiment selected 30 distinct grasping target movements and recorded
movement data across 7 DoFs for the right arm [5]. Extracting PCs at different points
during movements and calculating temporal deviations clarified that human upper limb
movement trajectories could be reconstructed through a linear combination of several
major time-related functions. However, the abovemethods for studyingmotion synergies
have focused solely on common motion primitives based on multi-movement averaging
to maximize coverage of motion information, ignoring the impact of differences across
various movement tasks and task demands.

Therefore, the presented study investigated the influence of factors such as task
objectives and task demand on motion synergies. First, to obtain experimental data most
representative of the impact of varied task objectives and task demands on synergies, we
designed two experiments. Thefirst experiment established amovement taskwith actions
selected to achieve maximum coverage of upper limbmotion range and hand prehension
type.The second experiment, using the sameactions, established amovement experiment
under different loads by incrementally increasing the loads as an experimental variable.
Second, to establish a dataset of multi-degree-of-freedom natural upper limbmovements
[6], we converted the raw data into angular displacement data across DoFs of the upper
limbs.According to the relationship between points and the spatial coordinate system,we
established the coordinate system and its matrix representation to obtain transformation
matrices between different coordinates. Using Euler angle inverse solution, we obtained
motion data under different task objectives and loads, establishing a dataset of upper
limb movements. Thirdly, to explore the factors influencing multi-degree-of-freedom
synergies of the upper limbs under different task objectives and their relative impacts, we
conducted a comparative analysis of the synergies manifested in motion under different
task objectives. Through PCA, we obtained synergies for motion data grouped by task
objective [7]. Based on the variation in variance accounted for by synergies across
groups and comparison of synergies, we confirmed that for reaching movements and
transferring movements, the factor exerting the greatest influence was the motion path
of the end effector. Finally, to clarify the influence of load on synergies, we described
how synergies changed with load using load as the sole variable. Through the variance
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accounted for distribution and similarity of the synergies obtained by PCA,we elucidated
howmotion synergies becamemore similar anddissimilarwith increasing load, revealing
the influence of load on multi-degree-of-freedom synergies of the upper limbs.

In summary, this study explored the factors influencing multi-degree-of-freedom
synergies of the upper limbs during experimental actions derived from daily tasks, as
well as their relative impacts. We demonstrated that the first influence was the motion
path of the upper limb end effector. We investigated the influence of load on motion
synergies using load as a variable. An analysis of the similarity between synergies under
different loads revealed factors impacting multi-degree-of-freedom synergy movements
of the upper limbs under different loads.

2 Methodology

We used coordinate transformation method and Euler angle inverse solution to obtain
seven-degree-of-freedom joint angular motion data for the upper limbs and extracted
synergies by PCA.By comparing synergies and groupings under different task objectives
and loads, we analyzed the influencing factors and relative impacts.

2.1 Calculation of Angular Displacement Data

We converted the three-dimensional data of the observed points collected in the experi-
ment into angular displacement to quantify upper limb joint movements. Using coordi-
nate transformation method, we calculated the rotation angle of the coordinate system
relative to the coordinate axes within each time interval. Specifically, we regarded the
upper limbs as a complete kinematic chain (shoulder joint three DoFs, elbow joint two
DoFs and wrist joint two DoFs), where the movements of each joint followed the prin-
ciple of relative motion. By calculating the changes in the coordinates of each observed
point between two adjacent time intervals, we obtained the angular displacement of each
joint within those time intervals. Then, using the method of solving simultaneous equa-
tions, we calculated the absolute angular displacement of each joint within each time
interval.

Assuming that three observed points are not collinear, numbered A(xA, yA, zA),
B(xB, yB, zB), C(xC , yC , zC). The origin O is on the line formed by points A and B.
Set up the coordinate system as shown in Fig. 1.

The matrix expression of the established coordinate system is

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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⎥
⎦

(1)
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The base coordinate system in the initial state is specified as H1, and the moving
coordinate system to be sought is specified as H2.

Before the motion, there is a matrix transformation between the base coordinate
system and the moving coordinate system to be sought, i.e. H2 = H1 × 1

2T.
After the motion, the base coordinate system and the coordinate system to be sought

are respectively noted asH1′,H2′, and themutual relationship remains unchangedH2′ =
H1′ × 1

2T′.

Fig. 1. Three-point spatial coordinate system.

When the motion occurs only in the base coordinate system, the transformation
relationship between the coordinate system to be found and the base coordinate system
does not change, i.e.12T = 1

2T′.
When the coordinate system is in motion with respect to itself, there is a transfor-

mation matrix T. The transformation matrix after motion is equal to the transformation
matrix when the target coordinate system does not produce motion multiplied by the
transformationmatrix of the target coordinate with respect to itself, that is 12T′ = 1

2T×T.
Combined, the rotation of the target coordinate system on itself results in

⎧
⎪⎨

⎪⎩

1
2T = (H1)

−1 × H2
1
2T

′ = (
H′

1
)−1 × H′

2

T = (
1
2T

)−1 × 1
2T

′
(2)

Since the permutation matrix can be split to perform the multiplication cross of the
rotation matrix around the coordinate axes, Eq. (3) is obtained in a fixed order [8].

T = Y1X2Z3 =
⎡

⎣
c1c3 + s1s2s3 c3s1s2 − c1s3 c2s1

c2s3 c2c3 −s2
c1s2s3 − c3s1 c1c3s2 + s1s3 c1c2

⎤

⎦ (3)

where ci represents the cosine of the i-th rotation angle cos θi, and si represents the sine
of the i-th rotation angle sin θi. Subsequently, the range of angle values is determined
according to the joint and the direction of the determined coordinate axis, and the data
points beyond the limit position are discarded. For the purpose of description noting T
as R:

T = R =
⎡

⎢
⎣

r11 r12 r13
r21 r22 r23
r31 r32 r33

⎤

⎥
⎦ (4)
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The inverse solution gives,
⎧
⎨

⎩

θ1 = Atan2(r13, r33)
θ2 = Atan2(−r23, r22/c3)
θ3 = Atan2(r21, r22)

(5)

Equation (3–5) always holds when the rotation angle is not equal to ±π/2. Since
the experiment data acquisition frequency was 100 Hz, the time interval between two
data acquisitions was very short (0.01 s). Within this time interval, it was difficult for the
upper limb joint rotation angle to reach ±π/2, so Eq. (3–5) could be used to calculate
the joint angle.

2.2 Extraction of Synergies

The goal of PCA [9] is to perform a linear combination between variables for a set of
non-linearly correlated variables, and to explain the set of variables with the combined
model, which generally has fewer model variables than the original variables, i.e., it
achieves dimensionality reduction [10].

Define the data to be analyzed X, where there are n variables X1,X2, ,Xn, each of
which is obtained by m observations, i.e.

X =
[
X1 X2 · · · Xn

]
=

⎡

⎢
⎢
⎢
⎣

x11
x21
...

xm1

x12
x22
...

xm2

· · ·
· · ·
. . .

· · ·

x1n
x2n
...

xmn

⎤

⎥
⎥
⎥
⎦

(6)

In this paper, we use the eigenvalue decomposition of PCA. Suppose � is the
variance-covariance matrix of the data set, corresponding to the eigenvalue-eigenvectors
(λ1, e1), (λ2, e2), · · · , (λn, en), where λ1 ≥ λ2 ≥ · · · ≥ λn. The i-th PC is

Y i = (
X − X

)
ei = ei1

(
X1 − X1

) + ei2
(
X2 − X2

) + . . . + en1
(
Xn − Xn

)
, i = 1, 2, . . . n

(7)

The variance and covariance are respectively

Var(Y i) = e′
i
∑

ei = λi

Cov(Y i,Yk) = e′
i
∑

ek = 0, i �= k
(8)

The first PC has the maximum variance. Each PC obtained by PCA corresponds to a
variance contribution, which indicates its ability to express information in the data set.
In some unserious situation, the first PC can be compared directly.

2.3 Comparison of Similarity and Clusters

By comparing the similarity and clustering grouping of synergies under different task
objectives, we obtain the influence factors and relative influence degrees under different
task objectives.
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(1) Similarity between variables

The similarity between variables is used to show the relationship between the proxim-
ity of two groups of data, including cosine similarity, Pearson Correlation Coefficient,
Jaccard coefficient, etc. Generally the larger the coefficient, the higher the similarity.
Assume two variables X, Y have the sample values (x1, x2, . . . , xn), (y1, y2, . . . , yn).

Combining the advantages, disadvantages and applicability of each similarity mea-
sure, this study uses the extended Pearson correlation coefficient [11] for cosine
similarity,

r =
∑n

i=1(xi−x)(yi−y)√∑n
i=1(xi−x)2

√∑n
i=1(yi−y)2

(9)

(2) Clustering method
There are two main approaches to cluster analysis, hierarchical clustering and non-
hierarchical clustering [12]. Considering the size and content of the data in this
paper, the hierarchical clustering method is mainly used. The goal of hierarchical
clustering is to partition and aggregate several groups of objects to be determined
into new combinations, using distance values as a metric.

The specific procedure for hierarchical clustering of objects with N objectives
is:

(a). TakeN targets and form anN ×N distance matrixD = {
dij

}
, where the element

dij denotes the distance between the i-th target and the j-th target.
(b). Find the two different targets U and V that are closest in distance from the
distance matrix with the distance dUV and grouped as (UV ).
(c). Remove the rows and columns corresponding to UV from the matrix, add the
grouping (UV ), and calculate the distance value again to get the new matrix.
(d). Repeat steps (b) and (c) (N-1 times) until all targets are grouped into one group-
ing, and record the result of each grouping and the distance value at the time of
grouping.

3 Upper Limb Motion Synergy Data Acquisition Experiment

This study employed an optical motion capture system (Vicon MX) from Vicon Metrics
Limited (Oxford, UK) with a real-time sampling frequency of 100 Hz. The system con-
sisted of multiple high-speed infrared cameras and other hardware devices. The Vicon
system used Vicon Vegas sensors with proprietary patents, which offered high resolu-
tion, high capture frequency, and good three-dimensional reconstruction. The cameras
collected real-time changes in the reflective markers. Using software, we obtained real-
time change data for the coordinates of the reflective markers during the experiment.
We determined the joint motion coordinate system using three points to determine one
coordinate system and calculated joint angular displacement data using the Euler angle
inverse solution. There are various ways to express motion states. In this study, we used
joint angular displacements to represent the motion state. Because the range of external
conditions that can influence movements is very broad, this experiment was designed
from two perspectives—different daily tasks and loads—to determine influencing factors
and degrees of influence for subsequent calculations.
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A total of 14 Marker points were used for upper limb motion data collection, cor-
responding to the body parts, shoulder joint, elbow joint and wrist joint, as shown in
Fig. 2.

The basic principle of the experiment was that the markers would not move and
remained in a relatively stable state when only the upper limbs were active. We used
three markers on the chest and back. For three motion parts, namely the shoulder, elbow,
and wrist, at least one coordinate axis coincided with the actual rotation axis to facil-
itate calculation. The markers on the upper arm and shoulder together established the
shoulder joint motion coordinate system. Considering that the skin and skeleton were
not completely rigid during movements, the distance between them could not be too
close to avoid insignificant performance and too far to avoid mutual influence between
the elbow joint markers. Therefore, we placed the markers at the middle position of the
arm length. The same rationale applied to the forearm markers.

Marker 

Marker 

Marker 5

Marker 

Marker 2

Marker 3

Marker 1

Marker 12

Marker 10 Marker 11

Marker 13

Marker 8 Marker 9

Marker 14

Fig. 2. Marker point location schematic. (a) The front view. (b) The back view.

3.1 Multi-task Objective Experiment

On the one hand, the muscles of arm and hand are largely shared during movement. On
the other hand,most handmuscles have attachment points on the forearm.When the hand
moves, both types of muscles are driven, affecting the arm movements. Therefore, hand
movements directly affect arm work. According to the degree of hand involvement, the
experimental actions were divided into three categories [5]: (1) reaching movements, (2)
transferring movements, and (3) tool-mediated actions. Manipulation actions could not
be classified or planned to meet the control variable standards and were not considered
in this experiment. Reaching movements and transferring movements are a fundamental
component of functional movements required for daily life. The actions selected in this
experiment are highly correlated with human independent motor ability, which is helpful
to extract upper limb synergies. The focus was on reaching and transferring movements.
Literature [13] used the extreme position and control variable method, they obtained
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the workspace that the forearm could achieve. Based on the initial sitting position, daily
actions in the upper limbmotion space were selected to obtain eight target actions for the
first category. According to the literature [14–16], hand grasping actions were classified
into 16 types based on features such as finger involvement and the size and shape of the
grasped object. According to the grasping action and sitting action, seven target actions
were selected for the second category. The specific classification is shown in Fig. 3.

Fig. 3. Experimental action paradigm. 1 Touch the belly; 2 Touch left shoulder; 3 Make a quiet
sign; 4 Touch the head; 5 Touch the back of waist; 6 Greet; 7 Make a pause sign; 8 Touch the front
of chest; 9 Drink water; 10 Wear a hat; 11 Lift a bag; 12 Turn a page; 13 Eat food; 14 Ring up; 15
Put a plate.

Initial State: The sitting position was selected as the initial position with the palms
facing down and naturally placed on the table. To reduce the motion errors caused by
body size, the distance between the front chest and the tablewas the length of the subject’s
forearm, as shown in Fig. 4.

Fig. 4. Experimental Initial state. (a) The initial distance. (b) The initial position.
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Experimental Process: Starting from the initial state, the subjects completed the actions
sequentially according to the order shown in Fig. 4(b). After completing each target
action, the initial state was restored as one set of data. 15 experimental actions were
repeated 10 times for each subject as the experimental data for one person. The experi-
ment did not strictly specify the time, but to prevent subject fatigue, there was at least a
5-s pause between each action.

Experimental Subjects: 10 healthy adults with a dominant right hand participated in
this experiment. The anthropometric data of the subjects are shown in Table 1. Before
the experiment, each subject was informed of the experimental content.

Table 1. Body size data of subjects in experiments with different task objectives.

Number Height Arm length Forearm length Upper arm length Shoulder breadth

1 180 cm 62 cm 29 cm 30 cm 42 cm

2 174 cm 73 cm 26 cm 29 cm 47 cm

3 175 cm 72 cm 28 cm 33 cm 45 cm

4 187 cm 75 cm 30 cm 26 cm 47 cm

5 175 cm 73 cm 29 cm 25 cm 29 cm

6 179 cm 72 cm 29 cm 25 cm 34 cm

7 173 cm 70 cm 27 cm 24 cm 31 cm

8 178 cm 75 cm 30 cm 27 cm 30 cm

9 183 cm 75 cm 31 cm 26 cm 30 cm

10 167 cm 68 cm 25 cm 25 cm 28 cm

3.2 Experimental Setup of Upper Limb Movements Under Different Loads

Before the experiment, the Vicon system and marker positions remained unchanged.

Experimental Equipment: The experiment used 0.5 kg, 1 kg, and 2 kg dumbbells
as loads. The dumbbells were placed in a briefcase as loads, as shown in Fig. 5. The
empty briefcase without added dumbbells was considered No. 1. Subsequently, 0.5 kg
was added each time. The maximum mass of the load equipment was 4 kg, and it was
numbered 2 to 9 in sequence for record keeping.

Experimental Subjects: 10 healthy adults with right-handed dominance aged 22 to
26 years were informed of the experimental content in advance, shown in Table 2.

Experimental Process: Experimental Action 11 was selected from the experimental
actions in Sects. 3.1. In order to ensure that the motion trajectory of the entire experi-
mental movement was relatively consistent, the experimental route was required to be
the same, and the initial point, end point and key way points of the entire movement
process were set in advance on the reference object and remain unchanged. To reduce
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Fig. 5. Load equipment.

Table 2. Body size data of subjects in experiments with different loads.

Number Height Arm length Forearm length Upper arm length Shoulder breadth

1 180 cm 62 cm 29 cm 30 cm 42 cm

2 174 cm 73 cm 26 cm 29 cm 47 cm

3 175 cm 72 cm 28 cm 33 cm 45 cm

4 187 cm 75 cm 30 cm 26 cm 47 cm

5 176 cm 74 cm 29 cm 28 cm 46 cm

6 184 cm 75 cm 28 cm 30 cm 46 cm

7 173 cm 70 cm 27 cm 24 cm 31 cm

8 178 cm 75 cm 30 cm 27 cm 30 cm

9 182 cm 74 cm 31 cm 27 cm 30 cm

10 168 cm 69 cm 25 cm 26 cm 28 cm

errors introduced by the subject’s body size, the subject’s hands were naturally placed
on the knees as the initial state. The initial point (or end point) of the load device was
in front of the subject’s feet. During the experiment, the subject needed to move the
load device to the right side of their body. Placing both hands back on the knees was
considered a complete experimental action. The subjects with nine different loads to
completed specified experimental actions. Each load was repeated 10 times as the data
for one person.

4 Analysis of the Influence Factors and the Corresponding Effects
on Motion Synergies

By coordinate transformation and Euler angle inverse solution on the collected experi-
mental data, seven-degree-of-freedom joint angle data were obtained. PCA was used to
respectively extract the coordination rules of seven DoFs and five DoFs in multi-joint
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upper limb motion, obtaining changes in motion synergies classified by action type.
Through similarity comparison and cluster analysis of the synergies obtained, the main
factors influencing the synergies were found to be the overall process of the action, the
grasping situations of the hand, and the complexity of the actions in the experiment.

The load was selected as a further object of study to explore the synergies of multi-
degree-of-freedomupper limbmotion. Based on the synergies of the sevenDoFs of upper
limb motion, the synergies implied in the five DoFs of upper limb motion was explored
in depth. The similarity between synergies was analyzed to reveal the influencing factors
of multi-degree-of-freedom synergy motion of the upper limbs under different loads.

4.1 Analysis of Motion Synergies Under Multi-task Objectives

A total of 14 Marker points are selected in the experiment, and the data are recorded
in each frame corresponds to the coordinates of the Marker points at that moment. The
original data matrix xi at moment i can be expressed as:

xi = [
xi,1, xi,2, xi,3, · · · , xi,3×n

]
, n = 14 (10)

where
[
xi,3×j−2, xi,3×j−1xi,3×j

]
represents the coordinate values of the j-th Marker at

moment i. Three coordinate systems are formed by 14 points (every 3–4 points form
one), corresponding to shoulder joint, elbow joint and wrist joint, respectively.

A single action is repeated m times, then the data set X is represented as:

X =

⎡

⎢
⎢
⎢
⎣

x1
x2
...

xm

⎤

⎥
⎥
⎥
⎦

(11)

The joint angular displacement data of the upper limbs are obtained according to the
calculation in multi-task objective experiments, and the motion state is represented by
the angular displacement corresponding to each moment of freedom to obtain the state
matrix yi at moment i:

yi = [
yi,1, yi,2, · · · , yi,n

]
, n = 7 (12)

where yi,j represents the angular displacement of the j-th joint degree of freedom at
the i-th moment, with m sampling points in one sampling. The state data after the k-th
sampling is represented as:

Yk =

⎡

⎢
⎢
⎢
⎣

y1
y2
...

yk

⎤

⎥
⎥
⎥
⎦

(13)
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Then, the state data for PCA:

Y =

⎡

⎢
⎢
⎢
⎣

y1
y2
...

ym

⎤

⎥
⎥
⎥
⎦

≈

⎡

⎢
⎢
⎢
⎢
⎣

η1,1 η1,2 · · · η1,h

η2,1 η2,2 · · · η2,h
...

... . . .
...

ηm,1 ηm,2 · · · ηm,h

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

α1

α2
...

αh

⎤

⎥
⎥
⎥
⎦

+ Y, h ≤ n (14)

where the matrix αi =
[
δi,1 δi,2 · · · δi,n

]
denotes the correspondence between the i-th

PC and the joint DoFs, and ηi denotes the corresponding weights of the selected PC at
moment i.

A widely view is that the upper limbs have seven DoFs. In practical applications,
if seven DoFs motion synergies are used for control, the overall fault tolerance rate of
the system will be low due to the characteristics of the synergies themselves (variance
ratio less than 100%). If the mechanism design is directly based on the synergies of the
seven DoFs of the upper limbs, there will always be deviation between the mechanical
structure and the target position after the completion of the movement, and the lack of
additional adjustment ability will not be able to achieve thework goal for themechanism.
Therefore, the collaborative cognition of the upper limb movement focuses on the three
DoFs of the shoulder joint and the two DoFs of the elbow joint, and the wrist joint can
be independently designed to consider the wrist separately and analyze the synergies of
five DoFs of the upper limbs.

Considering that the seven DoFs in the upper limbs have a calibration effect, the
seven DoFs were first analyzed. The variance ratios were calculated according to the
numbering in the experiment, as shown in Fig. 6.

Fig. 6. Variance ratios of seven-degree-of-freedom synergies in 15 groups of movements.
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A variance ratio of 80% is used as the criterion for judging whether the synergies can
effectively reproduce themotion. It can be seen that the variance ratio of thefirst synergies
fluctuate greatly, with a minimum of 45.15% and a maximum of 92.05%, indicating that
the first synergies can directly replace the motion process of the corresponding group. In
15 groups of actions, the variance ratio of 5 groups is greater than 80%, indicating that at
least the first synergies can be used to explain most of the motion information in these 5
groups of actions.When the first 2 synergies (the first and second synergies) are selected,
the minimum variance ratio is 83.71% and the maximum is 98.57%. When the first 3
synergies are selected, themaximum variance ratio reached 99.63%, close to 100%. This
means that in the seven DoFs upper limb motion, at least the first two synergies can be
selected to effectively reconstruct the motion information of most actions. Judging from
the range of variance ratios, the maximum difference between transferring movements
and reaching movements, that is, whether the hand grasps or not, will affect the motion
synergies of the upper limbs. It is speculated that the contraction of hand muscles affects
the upper limb motion.

Compared with seven DoFs, five DoFs of the upper limbs omitted two DoFs: wrist
flexion/extension and wrist abduction/adduction.

The motion data of five DoFs were grouped according to the actions to calculate
the synergies and variance ratios, as shown in Fig. 7(a). At this time, a variance ratio
exceeding 80% requires at least the first two synergies. For the first three synergies, the
variance ratio of about 1/2 of the actions exceeded 99%, close to 100%. When high pre-
cision is required in applications, the first three synergies can be considered to reproduce
motion. The variance ratios of the first three synergies of the five DoFs were compared
with those of the seven DoFs, as shown in Fig. 7(b). In reaching movements, the vari-
ance ratios of the first three synergies are relatively close in numerical values and trends,
indicating that the wrist has little effect on the synergies. In transferring movements, the
trends remained close, but significant differences appeared in the numerical values in the
latter half of the transferring movements. Combined with the differences between reach-
ing movements and transferring movements, it is speculated that such differences will

Fig. 7. (a) Variance ratios of the five-degree-of-freedom synergies in 15 sets of movements; (b)
Schematic diagram of the variance ratios of the first three synergies in seven and five DoFs.
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become more apparent when hand movements increase. Comparing the data of seven
DoFs and five DoFs shows that wrist movements do affect motion synergies. However,
according to the changes in the variance ratio of the first type of action, the influence of
wrist movements is limited.

The distribution of thefirst synergies shows that in addition to the differences between
reaching movements and transferring movements, there is another factor affecting the
motion synergies. Similarity comparison and cluster analysis using the first synergies
are shown in Fig. 8.

Fig. 8. (a) The similarity of first synergies in arrival action; (b) The similarity of first synergies
in delivery action; (c) The clustering grouping results of first synergies.

According to the similarity in Fig. 8(a) and 8(b), it is not difficult to find that there
are indeed influencing factors that cause differences in the synergies of the same type of
actions, not just different variance ratios. The 15 groups of actions are grouped according
to the first synergies, using the average distance as the grouping basis, shown in Fig. 8(c).
According to the grouping results, the first synergies with the shortest distance do not
necessarily belong to the same type of action, such as actions 8 and 15. Action 8 is
a reaching movement and action 15 is a transferring movement. The common point
between the two actions is that the hand passes through roughly the same position,
that is, the overall action process is roughly the same. Within the experiments, the first
element of the synergies is the action process without the hand. In addition, whether
the hand participates in grasping and the specific requirements of the action will have a
certain impact, with a relatively lower impact. However, the degree of influence of the
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latter two lacks a comparison with control variables, and cannot be compared for the
time being.

4.2 Analysis of Motion Synergies with Different Loads

In the load experiment, the external load mass was changed as the experimental indepen-
dent variable to find the changes in motion synergies caused by changes in load mass.
The synergies of seven DoFs motion of the upper limbs have not been widely used.
Only preliminary cognition of seven DoFs is enough. The five DoFs motion has a wider
application and needs to be calculated and analyzed from a mathematical level.

The motion of seven DoFs of the upper limbs can be effectively reconstructed using
the first 2 synergies. Similarly, when the load changed, the synergies under 9 different
loads were calculated in sequence. The variance ratios of the first 3 synergies under 9
different loads is shown in Fig. 9. The minimum variance ratio of the first 3 synergies
is 84.25%. In addition, the first 2 synergies reach a reproduction rate of 80% in 6
conditions of 9 different loads. Therefore, the first 3 synergies are selected to represent
the corresponding motion. The empty equipment weighs 1783 g. For each load group,
the load increased by 500 g. Based on the first group, the second, fourth and eighth
groups had the largest differences according to the total variance of the first 3 synergies.
In terms of mass difference, except for the second group, the total mass of the other
two groups was close to twice the total mass of the first group. It is speculated that the
influence of motion synergies of two groups is related to the relative difference between
different loads.
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Fig. 9. Variance ratios of the first three synergies in seven DoFs.
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The synergies of five DoFs of the upper limbs have a wide range of applications.
An analysis of variance ratios was carried out. Groups were made according to load as
the independent variable to calculate the corresponding synergies and variance ratios for
each group.

The data under different task goals shows that the first 3 synergies of the five DoFs
upper limbmotion can reconstructmore than 90%of the information (theminimumvalue
of group SA is 94.3197%). With 80% as the limit, only the first 2 synergies are required.
According to different loads, the corresponding PCs were extracted, as shown in Fig. 10.
The total variance ratio of the first 2 synergies reaches an average of 90.1122%, with a
maximum of 96.1502% and a minimum of 82.8141%, exceeding 80%. This means that
for occasions where high accuracy is not required, the first 2 synergies can be directly
used to represent the motion under the corresponding load. For the first 3 synergies, the
average variance ratio is 96.1722%, with a minimum of 91.2507%, exceeding 90%. This
means that under a single load, the first 2 synergies can achieve effective reconstruction
of motion, and the first 3 synergies further increase the degree of reconstruction. Further
consideration will be given to the specific situation of synergies between joints under
different loads.
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Fig. 10. Variance ratios of the first three synergies in five DoFs.

Pearson’s coefficient is used to compare the similarity of the first 3 synergies under
different loads, as shown in Fig. 11(a–c). The mean similarity of the first synergies is
0.7750, the second synergies is 0.7943, and the third synergies is 0.5876. In the first and
second synergies, the similarity between most groups fluctuates around 0.70, indicating
that the synergies under different loads are still close. However, the low similarity in the
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third synergies means that the synergies that supplements information show differences.
When the load changed, the adjustment method adopted by the limbs deviated.

In the synergies of five DoFs motion, the first to fifth elements correspond to shoul-
der abduction/adduction, shoulder internal/external rotation, shoulder flexion/extension,
elbow pronation/supination and elbow flexion/extension respectively. According to the
correspondence between the coefficients in the coordinate system and the DoFs of the
joints, the elements of the synergies were divided into two groups (1–3 and 4–5), forming
a three-dimensional vector in the shoulder joint coordinate systemand a two-dimensional
vector in the elbow joint coordinate system. The length of the vector represents the degree
to which the shoulder joint and elbow joint participate in the motion in the synergies.
Since the synergies were standardized during calculation, the square of the vector mod-
ulus was used as a quantitative description of the proportion of the shoulder and elbow
joints in the synergies, as shown in Fig. 11(d–e).

As shown in the three curves in Fig. 11, the degree of participation of the shoulder
and elbow joints in the first synergies is relatively small, and the variation was small
under low loads. It is believed that the first group of synergies is relatively stable when
the load changed. Supplementary to the first synergies, the shoulder joint accounts for
the main motion in the second synergies. Initially, the proportion of the shoulder joint is
almost 1. However, the conclusions of the first and the second synergies do not apply to
the third synergies. The third synergies supplements the motion reconstruction ability of
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Fig. 11. (a) Similarity of the first synergies; (b) Similarity of the second synergies; (c) Similarity
of the third synergies; (d) Percentage of shoulder joints in the first three synergies; (e) Percentage
of elbow joints in the first three synergies. In (d) and (e), number 1 represents mass 0. Number 2
represents mass 0.5 kg. Each cell is increased by 0.5 kg. The number 9 represents maximummass
4.0 kg.
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the first two groups of synergies. It has a smaller variance ratio than the second synergies
and is of less importance, belonging to secondary motion.

The muscles involved in a single motion are roughly unchanged. When the load
exceeds a certain range, the physical properties (contraction rate, etc.) of the muscles
differ from each other. Considering only the load factor, the properties of the muscles
themselves change, and the degree of difference between the muscles also changes. As
one of the factors affecting motion synergies, changes in the contraction rate of different
muscles will lead to changes in synergies. In this experiment, since the loads affect all
participating muscles, the final synergies changes significantly under the influence of
muscles on each other.

5 Conclusion

To explore the synergies between the multi-degree-of-freedom movements of the upper
limbs, starting from the daily functional activities of the human upper limbs, the upper
limb movements were classified according to the workspace and hand grasp. Experi-
mental paradigms were designed. According to the experimental data, the joint motion
angles were calculated, and the synergies of the seven DoFs and five DoFs multi-joint
movements of the upper limbs were extracted by PCA, respectively. Analysis of the
synergies showed that the main factor affecting the synergies under multiple task goals
was the movement path of the distal end of the upper limbs. To explore the synergies
of upper limb movements under different loads, an upper limb movement experiment
with different load masses under a single action was designed. Based on the synergies
between the seven DoFs movements of the upper limbs, the synergies contained in the
five DoFs movements of the upper limbs were further explored. The similarity between
synergies was analyzed to reveal the influencing factors of multi-degree-of-freedom
synergy movements of upper limbs under different loads. Loads change the properties
of muscles and the differences between muscle group properties, thereby affecting the
synergies of upper limb movements. The experimental results show that loads lead to
changes in motion synergies.
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