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ABSTRACT
Humans have the inherent ability of performing highly dex-

terous and skillful tasks with their arms, involving maintenance
of posture, movement, and interaction with the environment. The
latter requires the human to control the dynamic characteristics
of the upper limb musculoskeletal system. These characteristics
are quantitatively represented by inertia, damping, and stiffness,
which are measures of mechanical impedance. Many previous
studies have shown that arm posture is a dominant factor in de-
termining the end point impedance on a horizontal (transverse)
plane. This paper presents the characterization of the end point
impedance of the human arm in three-dimensional space. More-
over, it models the regulation of the arm impedance with respect
to various levels of muscle co-contraction. The characteriza-
tion is made by route of experimental trials where human sub-
jects maintained arm posture while their arms were perturbed
by a robot arm. Furthermore, the subjects were asked to con-
trol the level of their arm muscles’ co-contraction, using visual
feedback of their muscles’ activation, in order to investigate the
effect of this muscle co-contraction on the arm impedance. The
results of this study show a very interesting, anisotropic increase
of arm stiffness due to muscle co-contraction. These results could
lead to very useful conclusions about the human’s arm biome-
chanics, as well as many implications for human motor control-
specifically the control of arm impedance through muscle co-
contraction.

INTRODUCTION
The wide range of applications involving physical interac-

tion of robots with humans has received increased attention in the

last few decades. Since the late 80’s, there has been a substan-
tial amount of interest in measuring human arm two dimensional
(2D) end-point stiffness characteristics, where the arm is sup-
ported and constrained to movement within a horizontal (trans-
verse) plane. A perturbation method for measuring hand stiffness
was developed by using a manipulandum to displace the subject’s
hand during maintenance of a given posture in [1]. Stiffness val-
ues were represented both numerically and as ellipses (graphi-
cally). These showed that the human musculo-skeletal system
has spring like properties that enable posture stabilization and
interaction with the environment.

The perturbation method for estimating arm stiffness has
been used by many other studies as well [2–5]. In [6] and [7],
the perturbation method was extended to include measurement
of other dynamic components: inertia and damping in addition
to stiffness. The first attempt to characterize arm impedance in
three-dimensional (3D) space was described in [8]. However the
stochastic methods used were not able to provide an insight into
the neuromuscular system and its interaction with the environ-
ment.

Although most of the past studies have focused on pertur-
bations during maintained hand posture, there are only a few
studies that focused on the effect of muscle activation on the arm
stiffness- again only on the horizontal (transverse) plane [2,9,10].
Since every-day tasks involve movement of the upper arm in
the 3D space, the characterization of human arm impedance in
this space and the contribution of muscle co-contraction towards
changing these characteristics is significant.

In this paper, a systematic method for characterizing human
arm impedance in the 3D space and its regulation through mus-
cle co-contraction is presented. A 7 degrees-of-freedom (DoFs)
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robot arm is used to impose motion to, and measure interaction
forces from, a human subject’s arm. The subject’s arm is ap-
propriately coupled to the robot’s end-effector and is perturbed
along the three axes starting from 7 different points, each cor-
responding to 7 different arm configuration in 3D space. The
perturbations follow a specifically programmed trajectory in or-
der to study the dynamic behavior of the subject’s arm. All the
perturbations are repeated in four phases, each with a different
level of muscle co-contraction. A simplified linear model for
impedance is used to characterize inertia, damping and stiffness
using measured motion and force data for the 4 cases of muscle
co-contraction. The stiffness characteristics are described using
ellipsoids, and the effect of arm configuration and muscle co-
contraction to the stiffness ellipsoids is investigated.

MATERIALS AND METHODS
Apparatus

The subjects were seated on a chair placed next to a 7-DoF
robot arm (LWR4+, KUKA). They were strapped to the chair
and their right arm was coupled to the robot arm via a mechan-
ical coupling, attached to the end-effector of the robot arm as
shown in Fig.1. The mechanical coupling is designed such that
it allows no axial or rotational movement of the lower arm in-
side it, since it is attached to the human forearm close to the
wrist [11]. The coupling insured that there was no kinematic
redundancy in the subject’s arm for any configuration. The me-
chanical coupling is capable of transmitting forces and torques in
all directions between the robot and the coupled human arm. The
robot arm position and force measurement accuracy is 0.01mm
and 0.01N respectively, which are sufficient for this experiment.
An active motion capture system was used (3D Investigator, NDI
Inc) to track the motion of the arm, as well as compute the human
arm configuration. Two reference systems were defined; one at
the mounting plate of the robot arm 〈XB,YB,ZB〉, and the other at
the shoulder of the human subject 〈X ,Y,Z〉. The latter is defined
so that the subject’s torso coincides with the X-Z plane and the
vector joining the shoulders is parallel to the Z-axis. Finally, the
X axis is vertically oriented as shown in Fig.1.

Muscle activation was measured through wireless surface
electromyography (EMG) electrodes (Trigno Wireless, Delsys).
Since the focus is arm impedance, and the coupling is on the
forearm, the muscles that contribute to shoulder and elbow
impedance were recorded. The muscles we recorded from are:
Anterior Deltoid, Posterior Deltoid, Pectoralis Major, Trapezius,
Biceps Brachii and Triceps long.

Procedure and Tasks
Four subjects, all male ranging in age from 20 to 26 years,

three of them right handed and one left handed, participated in
this experiment. As explained above, the subjects were strapped
onto a seat placed next to the robot arm. Seven different end-
effector poses (position and orientation) in the robot workspace
were selected. With the subject strapped in the same position on

Figure 1. Experimental setup: The robot arm is interfaced with the
subject’s forearm through the mechanical coupling attached at the end-
effector. Position tracking sensors are placed adjacent to the robot base
and subject’s shoulder defining two reference systems. EMG electrodes
are placed on 6 muscles of the shoulder and elbow. Chair straps are not
shown in the picture, but they were used during the experiments.

the chair and their right hand coupled to the end-effector, each
of these start points S(i) : i = 1,2, ..,7 corresponded to a specific
configuration of the subject’s arm. The seven arm configurations
tested spanned a wide range of arm positions in 3D space, as
shown in Fig. 2. The robot was controlled to impose pertur-
bations in 18 different directions in 3D space. This was done
by controlling the robot to move to 18 equally-spaced points
P(i)

j , j = 1, . . . ,18 that lie on a sphere with a center of the cor-
responding S(i) point, and a radius of 8mm. The motion of the
robot from S(i) to one of the 18 P(i)

j points lasted 100ms, and cor-
responded to the robot-induced perturbation to the human arm.
Once the robot arrives at P(i)

j , it remains stationary for 500ms and
then returns back to S(i). After a resting phase of 1s, the robot
is commanded to reach the next P(i)

j point, and the procedure is

repeated for all the 18 P(i)
j points.

The trajectory of the robot motion along each axis was de-
signed using a 3rd order polynomial function. The trajectories
were planned such that the orientation angles of the robot end-
effector (roll, pitch, yaw) remained the same as those of the cor-
responding start points. The pseudo-inverse Jacobian method
for solving the inverse kinematics of the robot arm was used of-
fline [12]. Once the robot joint angle trajectories were computed,
they were fed to the robot arm controller. The robot provided
feedback of the joint angles, as well as end-effector forces at a
frequency of 1000Hz.

Prior to performing the experiment, the subjects were asked
to co-contract their arm muscles to their maximum ability, while
their arm was in one of the 7 configurations selected (config-
uration 5). EMG signals were recorded from the six muscles
mentioned above and sampled at a frequency of 1000Hz. The
signals were then full-wave rectified and low-pass filtered (2nd
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order Butterworth filter, cut-off frequency of 8 Hz). The pro-
cessed signals em,m = 1, . . . ,6 were stored, and the maximum
values for each muscle em,max were recorded to be used as a
normalization factor for the experiments. During the perturba-
tion experiments the total co-contraction index C was computed
in real-time based on the individual muscle normalized activa-
tion level with respect to their maximum activation level em,max.
Therefore, the co-contraction index was given by:

C =
1
6

6

∑
m=1

em

em,max
(1)

The robot-induced perturbation experiments were divided
into four phases. In each phase, the subject was asked to main-
tain a certain co-contraction level of his/her muscles. The robot-
induced perturbations were identical across the four phases. The
co-contraction index C was computed in real-time based on the
muscles’ activation, and was displayed to the subject in the form
of a bar graph, as shown in Fig. 3. The visual display was shown
on a monitor placed in front of the subject, and was updated at
a frequency of 1000Hz. The levels of co-contraction asked of
the subjects to maintain were 0%, 50%, 75% and 100% for the
four phases respectively. For each of the 7 arm configurations,
the robot perturbation phase was divided into three sets of 6 per-
turbations each, thereby providing enough time for the subject to
relax his/her muscles and limiting possible muscle fatigue.

Figure 2. The 7 configurations of the arm used.

Figure 3. Visual display indicating the muscle co-contraction index.

Data Processing
As explained earlier, the goal of the study is to investigate

how the arm impedance changes as a function of muscle co-
contraction. The arm impedance characteristics - inertia, damp-
ing and stiffness - are characterized using a linear model describ-
ing the relationship between measured restoring forces and posi-
tion of the arm.

In the experiment, the arm is coupled to the end-effector of
the robot arm via the mechanical coupling. The position of the
end point of the arm, a point in the forearm, was defined as the
center point of the cylindrical housing of the mechanical cou-
pling. Since the coupling was attached to the robot arm, the
3D position of this point was tracked at each instance through
the robot joint angles after applying the forward kinematic equa-
tions of the robot arm. Therefore, all the motion profiles and
end-effector forces were obtained with respect to the robot base
reference system 〈XR,YR,ZR〉. Using homogeneous transforma-
tion between the robot and the robot mounting plate reference
system 〈XB,YB,ZB〉, the position of the human end-point, and the
interaction forces, were computed with respect to the human-
centered reference frame 〈X ,Y,Z〉

Impedance estimation
The force and motion profiles of interest, i.e. during the

100ms robot-induced perturbations, were extracted for process-
ing. The initial values of forces in all directions were first sub-
tracted from the subsequent force profiles. This ensured that any
kind of sensor offset or gravitational forces due to weight of the
arm didn’t affect the restoring force measurements. Since length
and duration of the perturbations was very small, the model of the
end point impedance can be expressed by the following equation:

F = IẌ+BẊ+KX (2)

where I, B and K represent the 3× 3 arm inertia, damping and
stiffness matrices respectively. Ẍ, Ẋ and X are the 3D acceler-
ation, velocity and displacement vectors respectively, while F is
the 3D vector of restoring forces. All variables are expressed
with respect to the human-centered reference system 〈X ,Y,Z〉.
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Equation (2) can be re-written in a parameter identification form
as shown below:

F = Py (3)

where F = [Fx Fy Fz]
T , y = [ẌT ẊT XT]T and P is a 3×9

impedance matrix to be identified, given by

P = [I B K] (4)

where I is the inertia matrix defined by

I =

 Ixx Ixy Ixz
Iyx Iyy Iyz
Izx Izy Izz

 (5)

B is the damping matrix defined by

B =

 Bxx Bxy Bxz
Byx Byy Byz
Bzx Bzy Bzz

 (6)

K is the stiffness matrix defined by

K =

 Kxx Kxy Kxz
Kyx Kyy Kyz
Kzx Kzy Kzz

 . (7)

Using n number of data points for restoring force and
position measurements collected from the experiments, the
impedance matrix P was computed using linear regression
method given by the following:

P = FNY†
N (8)

where Y†
N is the left pseudo-inverse matrix of YN . FN and YN

were computed by concatenating n instances of F and y respec-
tively as follows:

FN = [F1 · · ·Fn] (9)

YN = [Y1 · · ·Yn] (10)

The impedance matrices I, B and K were separated into
symmetric and antisymmetric matrix components. Generally any

3×3 matrix Z can be separated into the symmetric Z(S) and anti-
symmetric component Z(A) as follows:

Z =

 Zxx Zxy Zxz
Zyx Zyy Zyz
Zzx Zzy Zzz

= Z(S)+Z(A) (11)

where

Z(S) =
1
2
(Z+ZT )

Z(A) =
1
2
(Z−ZT )

(12)

Finally, if f (x,y,z) is a differentiable, non-linear function
of the position of the arm end-point, where x,y,z is the position
of the end point in 3D space, it is possible to express the end
point impedance of the arm as a differential operator that relates
small variations of force (dFx,dFy,dFz) to small displacements
(dx,dy,dz), i.e.

dFx =

(
∂Fx

∂x

)
dx+

(
∂Fx

∂y

)
dy+

(
∂Fx

∂z

)
dz

= Zxxdx +Zxydy +Zxzdz

dFy =

(
∂Fy

∂x

)
dx+

(
∂Fy

∂y

)
dy+

(
∂Fy

∂z

)
dz

= Zyxdx +Zyydy +Zyzdz

dFz =

(
∂Fz

∂x

)
dx+

(
∂Fz

∂y

)
dy+

(
∂Fz

∂z

)
dz

= Zzxdx +Zzydy +Zyzdz

(13)

The above equation holds true for small displacements. There-
fore the physical meaning of the symmetric impedance compo-
nent is that the force field f (x,y,z) is conservative. And the
anti-symmetric component represents the curl of the force field
mainly generated by the subjects’ hand [1].

Impedance representation
An ellipsoid centered at the origin is represented by the fol-

lowing equation:

a11x2 +a22y2 +a33z2 +2a12xy+2a13xz+2a23yz = 1 (14)

where a11,a22,a33,a12,a13,a23 are elements of a symmetric 3×3
matrix A, i.e

A =

 a11 a12 a13
a12 a22 a23
a13 a23 a33

 (15)
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The principle axes of the ellipsoid x(1),x(2),x(3) ∈ R3 are the
eigenvectors of the matrix A, and they are all orthogonal to each
other. These eigenvectors essentially define the principal refer-
ence system of the ellipsoid. Let α,β and γ be the yaw, pitch and
roll angles that define the orientation of the principle reference
system of the ellipsoid, with respect to the base reference sys-
tem. The rotation matrix describing the ellipsoid principal ref-
erence system with respect to the base reference system is given
by:

R(α,β,γ) = Rz(α)Ry(β)Rx(γ) (16)

Solving (16) for the α, β and γ orientation angles,

α = tan−1
(

r21

r11

)

β = tan−1

 −r31√
r2

32 + r2
33


γ = tan−1

(
r32

r33

)
(17)

where [x(1) x(2) x(3)] =

 r11 r12 r13
r12 r22 r23
r13 r23 r33

.

The equatorial radii a, b and the polar radius c, along the
principal axes x(1),x(2) and x(3) respectively of the ellipsoid are
given by: a = 1√

λ1
, b = 1√

λ2
, c = 1√

λ3
where λ1, λ2, λ3 are the

eigenvalues of the matrix A.
Based on all of the above, the symmetric components of

the stiffness matrices K(S) across all configurations, were rep-
resented by ellipsoids with center at starting points (S(i), i =
1,2, ..,7), radii along the individual principal axes and orienta-
tion defined above. It must be noted that the ellipsoids plotted
represent the end-point stiffness at each configuration, i.e. the
longer the radius in a particular direction, the higher the stiffness
in that direction.

RESULTS
Co-Contraction Index

Before analyzing the impedance characteristics identified
for the various levels of muscle co-contraction, it is worth investi-
gating the ability of the human subjects to control their muscles’
activation, based on the visual feedback of the co-contraction in-
dex introduced above. Fig. 4 shows the co-contraction index
as calculated in three trials, in which the subject was instructed
to maintain it at 50%, 75% and 100% level respectively. It can
be seen that the subject was able to maintain the specific level
of muscle co-contraction in each phase. These indexes were
seen to slightly vary across the 7 configurations indicating that

Figure 4. Co-contraction index C for three muscle co-contraction levels
50%, 75% and 100%. A similar trend of maintaining the co-contraction
index was seen for all the subjects.
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Figure 5. Stiffness ellipsoids for a representative subject. Check Fig.
1 and 2 for axes and configurations. The 7 different configurations are
color-coded on the left.

the ability to co-contract the muscles to the specific level of co-
contraction was different for different arm configurations. How-
ever, we chose to define the co-contraction index with respect
to maximum voluntary co-contraction in a single arm configura-
tion. Although we could use maximum voluntary co-contraction
for each configuration tested, we decided to use only one in order
to have a more general idea of the muscle co-contraction level,
that could generalize across configurations. This would allow
further investigation of the ability of muscles to co-contract with-
out being limited on the arm configuration. Configuration 5 was
selected because it was approximately in the mid-range of the 3D
arm workspace we used. However, further analysis on this issue
is out of the scope of this paper.
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Figure 6. Increase of arm stiffness along the primary, secondary, and tertiary axes of the ellipsoids for the different co-contraction levels.

Impedance matrices
The impedance matrices I, B and K for each of the arm con-

figurations were identified and separated into the symmetric and
antisymmetric components as described in the previous section.
It was observed that the restoring forces due to inertia (I) and
damping (B) were very small compared to the ones due to arm
stiffness, especially in the cases involving muscle co-contraction.
For that reason, it is not certain that they were accurately identi-
fied using the least-squares equation. Moreover, we don’t expect
the inertia of the arm to vary for different muscle co-contraction
levels, and there is no evidence from the literature that damping
would also change with muscle co-contraction, especially given
isometric conditions we investigate here.Therefore, following di-
rections also provided by the literature [1, 3], we decided to ana-
lyze only the effects of co-contraction on arm stiffness.

The diagonal elements of the identified arm stiffness Kxx,
Kyy, Kzz, averaged across all subjects, are listed in Tables 1, 2, 3,
4 for the different co-contraction levels 0%, 50%, 75% and 100%
respectively. Moreover, the maximum of all off-diagonal ele-
ments of the anti-symmetric components are also listed. Finally,
as discussed above, the stiffness was represented as an ellipsoid
in 3D space. The length of each of the primary, secondary, and
tertiary axes of each ellipsoid is also listed in those tables, as K1,
K2 and K3 respectively. Fig. 5 shows the stiffness ellipsoids, for
one of the subjects, across all 7 configurations, for 0% and 100%
muscle co-contraction.

The results show that there is a significant effect of both the
arm configuration and the muscle activation level on arm stiff-
ness. The range of stiffness values we estimated is very close to
these reported in the literature for the 2D case [2–5]. Moreover,
the antisymmetric components of the stiffness were observed to
be much lower then the symmetric components, which agrees
with the literature for planar arm configurations [1]. Of most

importance, however, is the relationship between the stiffness el-
lipsoids and muscle co-contraction. Fig. 6 shows the percent
increase of arm stiffness along the primary, secondary, and ter-
tiary axes of the ellipsoids for the different co-contraction levels.
Moreover, Table 5 shows the rotation of the stiffness ellipsoids
due to muscle co-contraction. More specifically, Table 5 reports
the angle difference of each of the ellipsoid axes, for the 100%
co-contraction case with respect the 0% case. Reported values
are averaged across subjects. As it can be seen for Tables 1,
2, 3 and 4, as well as Fig. 6, muscle co-contraction enlarges
the stiffness ellipsoid primarily along the tertiary axis. The el-
lipsoids didn’t significantly change along the principal and sec-
ondary axes, with a maximum overall change of 50% observed
only in a couple of configurations. In terms of rotation of the
ellipsoids, a 100% muscle co-contraction rotates the secondary
and tertiary axes by 24.2◦ in average, compared to the 0% co-
contraction case, while for only 8.5◦ in average in the case of
the primary axis. From these observations we can conclude that
muscle co-contraction induces an anisotropic change of the arm
stiffness, affecting primarily the secondary and tertiary axes of
the ellipsoids, and not the primary axis. A possible explanation
of this phenomenon is the way individual muscles contribute to
this change of the overall arm stiffness, which is a function of
both the configuration of the arm, as well as the properties of
each muscle independently. A further investigation of the geom-
etry of the musculoskeletal models, as well as the contribution of
each muscle to the overall arm Cartesian stiffness should be con-
ducted. However, it is worth noting that the results are very con-
sistent across subjects, which proves the validity of the proposed
method, as well as the possibly groundbreaking importance of
this study in the study of the biomechanics of the human upper
limb, with a plethora of implications for the EMG-based control
of orthotic devices.
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CONCLUSIONS
In this paper, a systematic method for characterizing the hu-

man arm impedance in the 3D space and its regulation through
muscle co-contraction is presented. The proposed method is
based on robot-induced perturbations in posture maintenance
scenarios, however it introduces control of muscle co-contraction
level by the human subject, through visual feedback. A sim-
plified linear model for impedance is used to characterize arm
stiffness using the measured motion and force data for 4 cases
of muscle co-contraction (0%, 50%, 75% and 100%). The stiff-
ness characteristics are described using ellipsoids, and the effect
of arm configuration and muscle co-contraction on the stiffness
ellipsoids is investigated.

The main novelty of this paper is that it succeeds in charac-
terizing human arm impedance in 3D space, while investigating
the control humans have over the arm stiffness using muscle co-
contraction. The method was applied to 4 human subjects, across
whom the results were very consistent, which proves the validity
of the proposed method. Based on the results, we can conclude
that muscle co-contraction induces an anisotropic change of the
arm stiffness, affecting primarily the secondary and tertiary axes
of the ellipsoids, and not the primary axis. A definite explana-
tion of this phenomenon requires further investigation, includ-
ing a musculoskeletal model of the arm in order to quantify the
role of the individual muscles in the overall end-point Cartesian
impedance. This study is of possible groundbreaking importance
for the field of biomechanics of the human upper limb, with a
plethora of implications for EMG-based control of robots that
physically interact with humans.
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Table 1. Arm stiffness characteristics for 0% co-contraction, averaged across all subjects.

Configuration # Kxx Kyy Kzz KmaxA K1 K2 K3

(N/m) (N/m) (N/m) (N/m) (N/m) (N/m) (N/m)

1 580.7 1082.0 1439.5 348.7 2202.1 711.5 188.7

2 269.6 2405.1 873.4 507.2 2740.1 661.3 146.6

3 455.8 2357.3 739.1 370.3 2807.6 476.6 268.1

4 862.8 1735.2 583.1 136.8 2046.6 663.4 471.1

5 667.3 2158.9 509.2 344.5 2550.1 484.3 301.1

6 458.7 2904.9 654.1 163.5 3264.9 505.1 247.7

7 684.9 2314.8 764.3 401.4 2549.9 845.9 368.3

Table 2. Arm stiffness characteristics for 50% co-contraction, averaged across all subjects.

Configuration # Kxx Kyy Kzz KmaxA K1 K2 K3

(N/m) (N/m) (N/m) (N/m) (N/m) (N/m) (N/m)

1 651.1 1177.1 1674.6 290.5 2421.0 799.6 282.2

2 559.9 2435.1 1021.5 492.4 2841.2 910.3 265.0

3 524.1 2406.1 829.1 378.8 2887.5 541.6 330.2

4 973.4 1766.3 654.6 113.3 2108.3 747.3 538.7

5 799.4 2243.3 613.4 356.6 2725.4 574.0 356.7

6 630.2 2927.0 775.6 213.1 3438.4 570.0 324.2

7 944.5 2432.1 900.8 375.1 2721.6 955.0 600.4

Table 3. Arm stiffness characteristics for 75% co-contraction, averaged across all subjects.

Configuration # Kxx Kyy Kzz KmaxA K1 K2 K3

(N/m) (N/m) (N/m) (N/m) (N/m) (N/m) (N/m)

1 451.8 1078.3 2144.3 293.3 2499.6 921.8 253.0

2 620.5 2516.1 1004.6 475.6 2928.7 894.3 318.1

3 602.7 2424.6 877.3 337.3 2949.5 585.7 369.4

4 987.5 1773.2 709.7 122.9 2132.0 755.6 582.6

5 790.2 2278.1 608.3 354.4 2731.3 582.1 363.5

6 676.8 2968.0 826.7 219.1 3518.9 590.9 361.0

7 1026.1 2441.9 943.2 350.8 2701.0 1022.4 686.9
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Table 4. Arm stiffness characteristics for 100% co-contraction, averaged across all subjects.

Configuration # Kxx Kyy Kzz KmaxA K1 K2 K3

(N/m) (N/m) (N/m) (N/m) (N/m) (N/m) (N/m)

1 595.9 1149.8 1985.1 318.1 2406.5 910.1 414.2

2 718.9 2502.8 1148.4 470.7 2924.1 1090.4 355.2

3 641.9 2423.5 844.2 334.4 2955.3 579.3 374.0

4 1076.9 1830.9 728.3 114.2 2182.5 845.5 608.0

5 831.3 2371.6 660.6 379.3 2827.8 642.2 393.4

6 725.3 3002.6 788.4 232.1 3471.0 627.6 417.7

7 1167.8 2476.4 915.5 339.6 2701.0 1191.2 667.5

Table 5. Rotation angles of the primary, secondary, and tertiary axes of of stiffness ellipsoids from 0% to 100% co-contraction.

Configuration # ∆θ1(
◦) ∆θ2(

◦) ∆θ2(
◦)

1 26.0 32.2 27.7

2 6.6 12.4 14.8

3 5.7 25.8 27.3

4 6.7 35.2 35.1

5 4.9 16.5 16.2

6 3.7 23.6 23.8

7 6.5 23.7 24.5
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