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Several methods have been proposed for upper limb muscle training using exercise devices or
machines to strengthen the muscle groups. However, most exercises control the direction of
resistance to isolate specific muscle groups that need to be trained. A compact and cost-
effective upper limb exoskeleton design with a 3-DOF shoulder joint and a 1-DOF elbow joint
allows a patient or a healthy individual to move the limb in different planes and increases
resistance through adjustments of the spring length to train more muscle groups. The
exoskeleton springs were designed to equalize the joint torques for the shoulder and elbow
joints with the joint torques obtained from free-weight exercises. Experimental data of the
joint torques for two healthy subjects for shoulder abduction–adduction, flexion–extension,
and elbow flexion–extension exercises with the exoskeleton were compared to measurements
obtained from the upper limb dumbbell lateral raise, the dumbbell frontal raise, and the
dumbbell curl exercises. The results of our preliminary evaluation showed that this design had
an equivalent effect on the joint torques of shoulder and elbow to the free-weight exercises
without the risk of overextension injury. Ultimately, this study provided a design and prototype
for an upper limb exoskeleton.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanical behavior of skeletal muscle contributes to the function and/or dysfunction of the human musculoskeletal
system [1]. The muscle strength in an individual's limbs is crucial for physical independence. For example, in the upper limbs,
impaired arm and hand function may cause serious limitations in daily living activities for the majority of stroke patients. In
addition, whether older individuals have adequate muscle strength has a great influence on their daily living activities. Hisamoto
and Higuchi [2] demonstrated that the extremity joint torque (EJT) values measured in 1000 healthy Japanese men and women
aged between 20 and 70 showed that women in their 20s had significantly lower EJT values than women in their 40s or 50s in the
upper limbs (i.e., wrist palmar flexion, wrist dorsiflexion, elbow flexion, elbow extension, and shoulder extension). One EJT value
in the lower limbs (hip flexion) also differed. The results were attributed to the use of excessive automation and labor-saving
equipment, which has diminished opportunities for muscle use in daily life.

Appropriate muscle training can not only enhance muscular strength, power, and endurance but also improve health and
fitness by reinforcing cardiopulmonary function, reducing body fat, improving bone mineral density, and providing other benefits
[3]. Resistance exercise leads to muscle hypertrophy and increased strength in bothmen and women, regardless of age. Decreased
activity, on the other hand, produces a decrease in the cross-sectional area of muscle fibers and a loss of strength [1]. Resistance
exercise has been widely adopted to help patients recover normal physiological functions after impairing motor activity and to
improve dynamic stability [4,5]. The MIT-MANUS, a robot designed for clinical neurological application, was the first device to be
evaluated extensively in clinical trials to examine whether robot-aided therapy was an acceptable form of exercise therapy for
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stroke patients and whether it could improve the arm function of stroke patients [6]. Several studies on robotic devices have
reported positive outcomes using various approaches, such as theMIME (mirror-imagemotion enabler) [7] and the ArmGuide [8].

Resistance exercises for fitness are often performed using fitness equipment. However, most conventional training devices use
weights such as weight stacks combined with a training structure to provide resistance and accomplish training goals. For
example, see U.S. patent 6394937 [9], U.S. patent 7601187 [10], and U.S. patent 7670269 [11]. A pulley system described in U.S.
patent 6394937 couples a handle and weights in a single system. When the user exercises by manipulating the handle, the weight
stack provides resistance and magnifies the effect of the exercise. U.S. patent 7235038 [12] is designed specifically for the elbow.
However, the design is intended for exercising a singlemuscle group. Somemachines use springs as a source of resistance (e.g., U.S.
patent 5613928 [13] and U.S. patent 7060012 [14]). Most machines permit movements in a single plane to isolate specific muscle
groups. These compare with free-weight exercises, where movement is allowed on different planes, training more muscle groups
[3,15,16]. However, as the resistance increases, the inertial forces also increase, and the muscles have to produce more force to
overcome the inertia of the heavierweights. Thismay cause a sports injury if the user operates the training devices improperly. The
minimum resistance for this kind of training device is high, and these devices are more suitable for athletes than patients with
muscle degeneration. A patient's training goals might not be accomplished using this type of training device, or the use of this kind
of training device may cause an injury. The devices are also bulky, and the user has to travel to a gym or other location that has this
type of training device, which could make the training more difficult to perform.

For these reasons, an upper limb training device that is able to perform arm exercises with multiple degrees of freedomwould
be beneficial to patients. In addition, it would be useful for the device to allow an individual to exercise or complete their physical
therapy at a convenient time and to prevent injuries that could be caused by inertial forces. Such a device should be easy to adjust
and carry, such that its use is not limited by space or location constraints.

In this study, we propose an unpowered upper limb exoskeleton design for use in strengthening the muscles of the upper
limbs. The upper limb exoskeleton consists of a 3-DOF shoulder joint and a 1-DOF elbow joint. The upper arm can perform
internal–external (int-ext), abduction–adduction (abd-add), and flexion–extension (flx-ext) motions. The forearm is also able to
carry out a flexion–extensionmotion. Themotion joint torques of the shoulder and elbow joints in the upper limb exoskeleton are
equivalent to the objective joint torques obtained frommodels of free-weight exercise, such as the dumbbell lateral raise motion,
dumbbell frontal raise motion, dumbbell curl motion, and overhead triceps extension. By altering the arrangement of low-inertia
springs, the locations of the springs can be adjusted for higher intensity training, and the gravitational potential energies for the
upper limb and the exoskeleton remain constant, which differs from free-weight exercises, where external weights are increased
to induce large inertial changes for greatermuscle strengthening. As such, the exoskeleton should be capable of preventing injuries
that arise as the result of large inertial changes. The upper limb exoskeleton could be used for muscle strengthening or muscle
strength recovery as it has the advantages of a compact and cost-effective design that is easy to operate and prevents injuries.
These advantages make the exoskeleton very suitable for people or patients who can manipulate the active-resisted mode
movement of the robotic devices for moderate exercise, and it can be used for home-based rehabilitation in the absence of a fitness
instructor or therapist.

2. Kinematic model and joint torque analysis

2.1. Kinematic model of the upper limb

An upper limb includes the upper arm and forearm. The upper arm in Fig. 1 is pictured from the glenohumeral (GH) joint S
to the elbow joint E, and the forearm extends from the elbow joint E to the middle of the palm of the hand H. The segmental
lengths of the upper arm and the forearm are rSE and rEH, respectively. The hand is usually held in a neutral position during
forearm movements. Therefore, the gravitational variation due to the wrist motion is negligible. Hence, the upper limb can be
modeled as a two-link linkage. The geometries of the upper arm and the forearm were assumed to be axially symmetric, and
the positions of the centers of mass, Mu and Mf, were assumed to be fixed and located at the center lines with respect to the
upper arm and forearm. The mass of the human hand was ignored here as it is relatively light compared to the upper limb as a
whole. The kinematic model for the arm linkage is shown in Fig. 1, and the GH joint in the human skeleton, which connects the
scapular and the humerus, was modeled using a 3-DOF ball joint at point S. Kinematically, any Euler angle sequence of three
orthogonal rotation axes can be used to model three pure rotations of the GH center point, including the shoulder internal–
external rotation, abduction–adduction, and flexion–extension. The elbow joint is regarded as a revolute joint at point E, which
provides only elbow flexion–extension.

When modeling the kinematic motion of the upper limb, we used the Denavit–Hertenberg (D-H) parameters for kinematic
modeling of the upper limb. Following the conventions established by Denavit–Hertenberg and presented in Fig. 1, four Cartesian
coordinate systems (CSs), CS 1, 2, 3, and 4, were attached to each link, and CS 0 was attached to the ground. The link parameters
established between links i and i−1 are described based on the definition of D-H notation.

The inside portion of the human shoulder is called the shoulder girdle, and consists of a clavicle and scapular. Klopčar et al. [17]
indicate that the girdle motion can be modeled using two degrees of freedom. In our study, the motion of the girdle was modeled
using two parallelogram linkages and two serially connected links. The assembly is shown in the posterior linkage from Fig. 1. The
parallelogram linkages provide the elevation–depression movement of the scapular, and the two serially connected links allowed
the GH center to be free on the horizontal plane.
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2.2. Static joint torques during free-weight exercise

Free-weight exercises are muscular exercises that use an external weight as a resistant force on a freely moving body. The
muscle force is strengthened by increasing the free-weight load gradually. In Fig. 1, an objective model is constructed as a free-
weight exercise using an external load mw grasped in the middle of the palm H as well as the segmental masses of the upper arm
and forearm. The values for mu and mf are located at the mass centers of the upper arm and the forearm, respectively. During
exercise, the gravitational potential energy of the kinematic model can be expressed as

Vg = �mug· rSE + ruð Þ �mfg· rSE + rEH + rfð Þ �mwg· rSE + rEHð Þ
= �mu �gk0ð Þ· �rSEi3 + ru;xi3

� �
�mf �gk0ð Þ· �rSEi3 � rEHi4 + rf ;xi4

� �
�mw �gk0ð Þ· �rSEi3 � rEHi4ð Þ

ð1Þ

where ru and rf are the mass center position vectors ofmu andmf referenced for each corresponding CS, and the quantities ru,x, ru,y,
ru,z, rf,x, rf,y, and rf,z are the corresponding local coordinates. Note that quantities ru.y and rf,y are omitted in Eq. (1). For CS 0, the
quantities ru,z and rf,z are zero. The mass center of mw was assumed to be located at point H.

Derived from the D-H transformation matrix and the parameters, Eq. (1) yields the following equation for the total
gravitational potential energy of an objective model of free-weight exercise

Vg = −mug rSE−ru;x
� �

− mf + mw

� �
grSE

h i
sin θ2cos θ3 − mf g rEH−rf ;x

� �
+ mwgrEH

h i
sin θ2cos θ3 + θ4ð Þ ð2Þ

Inmuscular exercise, external loads can produce points around the pivot joint where there is a tendency for themuscle to resist
the opposite torques from external loads. Therefore, whether the muscle exercises or not can be learned from the changes in joint
torques. The gravitational joint torque τi on the joint i is calculated as

τi =
∂V
∂θi

i = 1;2;3;4 ð3Þ

Eq. (3) suggests that the joint torque of θ1 is zero and the joint torques of θ2, θ3 and θ4 are τ2, τ3 and τ4. The gravitational joint
torques of the upper limb for the free-weight exercise are derived as

τ2 = −mug rSE−ru;x
� �

− mf + mw

� �
grSE

h i
cos θ2cos θ3 − mf g rEH−rf ;x

� �
+ mwgrEH

h i
cos θ2cos θ3 + θ4ð Þ ð4Þ

τ3 = mug rSE−ru;x
� �

+ mf + mw

� �
grSE

h i
sin θ2sin θ3 + mf g rEH−rf ;x

� �
+ mwgrEH

h i
sinθ2sin θ3 + θ4ð Þ ð5Þ
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Fig. 1. Kinematic model and coordinate system of the right upper limb.
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τ4 = mf g rEH−rf ;x
� �

+ mwgrEH
h i

sin θ2 sin θ3 + θ4ð Þ: ð6Þ

3. Conceptual design of the spring-loaded exoskeleton

3.1. Upper limb exoskeleton

In Fig. 1, the upper limb exoskeleton was separated from the arm linkage and posterior linkage. The posterior linkage was
achieved through parallelogram linkages for girdle motions. In this study, only the arm linkage was taken into account in the
design. In practice, using the exoskeleton configuration shown in Fig. 1, Links 1 and 2 interfere with the posterior side of the
human body when the upper limb is rotated outward horizontally. The GH joint is comprised of the three revolute joint axes z0, z1
and z2, which are arranged to be orthogonal to each other. However, this design is difficult to produce due to the difficulty of
designing the human GH joint center. As such, we present a modified design in Fig. 2 that avoids these drawbacks, and the
exoskeleton becomes wearable using a band on the upper arm and a handle for gripping.

The modified exoskeleton configuration shown in Fig. 2 was constructed using four links, and the 4-DOF kinematic chain
contains four links, where Link 1 and the posterior linkage are connected by a revolute joint at axis z0*. Links 1 and 2 are connected
by the other revolute joint at axis z1*. The axes z0* and z1* are parallel to axes z0 and z1, respectively, and the rotational joint angles
for the z0* and z1* axes are the same as the rotational angles for the shoulder int-ext and abd-add exercises (θ1 and θ2). Links 2 and
3 pivot using a revolute joint at axis z2, and the rotational joint angle near axis z2 is θ3. The interference problem arising between
Link 1 and the human body was resolved by parallel shifting the axis of the shoulder int-ext, and the 3-DOF shoulder joint yielded
three revolute joints near axes z0*, z1* and z2, where only the alignment of the z2-axis and the human GH joint center is required.
The point P is the intersection of axes z1* and z2, and the measurements taken near point P are the same as those at the human
shoulder joint S. For the 1-DOF elbow joint, Links 3 and 4 pivot using a revolute joint at axis z3 to accomplish the elbow flx-ext
exercise. CSs 0, 1, 2, 3, and 4 are used in themodified exoskeleton configuration, and the relationships between the four CSs are the
same as those shown in the previous analysis (Fig. 1).

By taking the link masses of the exoskeleton into account, the gravitational potential energy of Links 1, 2, 3, and 4 can be
derived using the following equations:

VL1 = −m1g·r1 = const: ð7Þ

VL2 = −m2g·r2 = m2gr2;x sinθ2−m2gr2;z cosθ2 + const: ð8Þ

VL3 = −m3g·r3 = m3g r3;x−rSE
� �

sin θ2 cosθ3−m3gr3;z cosθ2 + const: ð9Þ

VL4 = −m4g·r4 = −m4grSE sin θ2 cosθ3 + m4g r4;x−rEH
� �

sinθ2 cos θ3 + θ4ð Þ−m4gr4;zcosθ2 + const: ð10Þ

Here,mi is the mass of link i of the exoskeleton; ri,x, ri,y, and ri,z describe their corresponding coordinates for the mass center of
the link i on local coordinate xi-yi-zi; and i is 1, 2, 3, and 4. It is assumed that Links 3 and 4 are axis-symmetrical links. Therefore, r3,y
and r4,y are negligible.
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Fig. 2. A modified exoskeleton configuration.
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Instead of using external loads, an increase in the amount of resistant force from the upper limb exoskeleton is achieved by
changing the elastic force of the loaded spring. The resistance can be changed by adjusting the locations of the spring connections.
On the spring-loaded exoskeleton, spring K1 was attached to Point A1 on Link 2 and Point B1 on Link 1; Spring K2 was attached to
Point A2 on Link 2 and Point B2 on Link 4; and Spring K3 was attached to Point A3 on Link 2 and Point B3 on Link 4. The location of
the connected Points A1, A2, and A3 for Springs K1, K2, and K3 were adjusted for increased spring resistance, whereas Points B1, B2,
and B3 were fixed to connected points. The schematic diagram of the spring-loaded exoskeleton is shown in Fig. 3.

The concept of employing elastic force as a resistance force originated from the reverse idea behind the gravity-balance
mechanism. The zero-free-length spring is used to make the spring stiffness independent of the rotational angles of the links.
Therefore, the resistance force can be changed only by adjusting the locations of the spring connections. The design of zero-free-
length springs was adopted in the spring-loaded exoskeleton, and this was accomplished by combining the use of standard springs
with cables, and pulleys or alignment shafts [18,19].

The corresponding elastic potential energies, VS1, VS2, and VS3 of Springs K1, K2, and K3 are derived as

VS1 =
1
2
K1 lA1B1⋅lΑ1Β1ð Þ

= −K1lCA1lPB1ð Þsin θ2− K1lCPlPB1ð Þcosθ2 + const:
ð11Þ

VS2 =
1
2
K2 lA2B2⋅lΑ2Β2ð Þ

= −K2lSA2rSEð Þcos θ3 + −K2lEB2lSA2ð Þcos θ3 + θ4ð Þ + K2rSElEB2ð Þcosθ4 + const:
ð12Þ

VS3 =
1
2
K3 lA3B3⋅lΑ3Β3ð Þ

= K3lSA3rSEð Þcos θ3− K3lEB3lSA3ð Þcos θ3 + θ4ð Þ− K3lEB3rSEð Þcosθ4 + const:
ð13Þ

The total potential energy of the upper limb exoskeleton is the sum of the gravitational energies of the upper limb and the four
links with the elastic potential energies of the three springs.

Thus, using Eq. (3), the joint torques of θ2, θ3 and θ4 from the use of the exoskeleton are M2, M3 and M4, and the torques are
derived as

M2 = −mug rSE−ru;x
� �

−mf grSE + m3g r3;x−rSE
� �

−m4grSE
h i

cosθ2cosθ3 + −mf g rEH−rf ;x
� �

+ m4g r4;x−rEH
� �h i

cosθ2cos θ3 + θ4ð Þ
+ −K1lCA1lPB1 + m2gr2;x

h i
cosθ2 + K1lCPlPB1 + mugru;z + mf grf ;z + m2gr2;z + m3gr3;z + m4gr4;z

h i
sinθ2

ð14Þ

M3 = mug rSE−ru;x
� �

+ mf grSE−m3g r3;x−rSE
� �

+ m4grSE
h i

sinθ2sinθ3 + mf g rEH−rf ;x
� �

−m4g r4;x−rEH
� �h i

sinθ2sin θ3 + θ4ð Þ
+ K2lSA2rSE−K3lSA3rSE½ �sinθ3 + K2lEB2lSA2 + K3lEB3lSA3½ �sin θ3 + θ4ð Þ

ð15Þ

M4 = mf g rEH−rf ;x
� �

−m4g r4;x−rEH
� �h i

sin θ2sin θ3 + θ4ð Þ + K2lEB2lSA2 + K3lEB3lSA3½ �sin θ3 + θ4ð Þ− K2lEB2rSE−K3lEB3rSE½ �sinθ4
ð16Þ
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Fig. 3. A schematic diagram of the spring-loaded exoskeleton.
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3.2. Spring design constrains for upper limb muscular exercise

The 3DOFmotions of the shoulder: shoulder int-ext, shoulder abd-add, and shoulderflx-ext have awider range ofmovement than
the dumbbell bench fly, the dumbbell lateral, and the frontal raise motions of free-weight exercises. The dumbbell bench fly is an
exercise where the user lies on a bench and gravity acts in the direction of negative y0 for CS 0 to provide torque on the shoulder joint
near the axis of the shoulder int-ext motion. However, in this study, the stand posture was the position where gravity acts in the
direction of negativeko forCS0. Thismakes the torqueof shoulder int-extmotionzero. Therefore, only thedumbbell lateral and frontal
raise motions for shoulder abd-add and flx-ext exercises for the shoulder joint, and dumbbell curl motion and overhead triceps
extension for elbow flx-ext exercises for the elbow joint were taken into account for the upper limb exoskeleton, as shown in Fig. 4.

3.2.1. Training upper limb muscles with shoulder abduction/adduction
As an example of shoulder abd-add resistance exercise, the lateral raise motion was used for strengthening the deltoid,

latissimus dorsi, pectoralis major, supraspinatus, and trapezius muscles [20]. In the kinematic model, the angles θ3 and θ4 were
fixed at 0 degrees. As such, the upper arm and forearm can be considered a single link, and the rotation about axis z1 applies for θ2
alone. By substituting the 0 degree condition for Angles θ3 and θ4 into Eqs. (4)–(6), the joint torques of θ3 and θ4 equal zero, and the
joint torque of θ2 is expressed as

τ2; lr = −mug rSE−ru;x
� �

−mf g rSE + rEH−rf ;x
� �

−mwg rSE + rEHð Þ
h i

cosθ2 ð17Þ

In Fig. 3, Spring K1 connects Link1 and Link2 to generate torques near the axis of shoulder abd-add. In this exercise, the upper limb
maintains the same posture as the lateral raisemotionwith exoskeleton, except that the resistance from the external load is replaced
using springs. The joint torques of a shoulder with the exoskeleton are obtained by substituting the same angles for the lateral raise
motion (θ3 and θ4) into Eqs. (14)–(16). The joint torques of θ3 and θ4 are zero, the samevalues as those for the lateral raisemotion. The
joint torque of θ2 can be calculated as

M2; lr = ½−mug rSE−ru;x
� �

−mf g rSE + rEH−rf ;x
� �

+ m2gr2;x + m3g r3;x−rSE
� �

+ m4g r4;x−rEH−rSE
� �

−K1lCA1lPB1�cos θ2
+ K1lCPlPB1 + mugru;z + mf grf ;z + m2gr2;z + m3gr3;z + m4gr4;z

h i
sin θ2

ð18Þ

For emulating free-weight exercise, the joint torques in the lateral raise motion and the upper limb exoskeleton should be
equivalent to each other. As a result, the coefficients of cosθ2 in Eq. (17) have to be equal to those in Eq. (18), and the coefficients

Shoulder abd-add exercise Shoulder flx-ext exercise Elbow flx-ext exercise

Lateral raise motion Frontal raise motion Dumbbell curl motion Overhead triceps 
extension

Fig. 4. Upper limb exoskeleton muscular exercise and dumbbell motions.
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sinθ2 of Eq. (18) are zero. The design constrain of Spring K1 obtained from the equation of coefficients with cosθ2 as expressed
as

lCA1 = mw
g rSE + rEHð Þ

K1lPB1

� �
+

m2gr2;x + m3g r3;x−rSE
� �

+ m4g r4;x−rEH−rSE
� �

K1lPB1
ð19Þ

Eq. (19) represents the linear proportion relationship between the weight of an external load mw and the length of the
connected points for Spring K1, with an adjustment of lCA1 to increase the resistance for training intensity.

The weights of the upper limb and the exoskeleton generated momentum about axis z1* due to the effect of gravity, and Spring
K1 also compensated for the gravitational potential energy of the upper limb and the links. The spring design constrain of Spring K1

is expressed as

lCP = −
mugru;z + mf grf ;z + m2gr2;z + m3gr3;z + m4gr4;z

K1lPB1
ð20Þ

3.2.2. Training upper limb muscles with shoulder flexion/extension
As an example of shoulder flx-ext resistance exercise, the frontal raise motion can be used for strengthening deltoid, pectoralis

major, latissimus dorsi, and trapezius muscles [20]. In the kinematic model, the angles θ2 and θ4 are fixed at 90 and 0 degrees,
respectively. The upper arm and forearm are considered as a single rigid body rotating about axis z2 with the angle θ3. By
substituting the conditions for θ2 and θ4 into Eqs. (4)–(6), the joint torque of θ2 is equal to zero, and the joint torques of θ3 and θ4
can be expressed as

τ3; f r = mug rSE−ru;x
� �

+ mf g rSE + rEH−rf ;x
� �

+ mwg rSE + rEHð Þ
h i

sin θ3 ð21Þ

τ4; f r = mf g rEH−rf ;x
� �

+ mwgrEH
� �

sin θ3 ð22Þ

In the frontal raise motion, the shoulder and elbow joints generate torques. Fig. 3 demonstrates that Spring K2 connects Links 2
and 4, which produced torques that had the same strength as the same muscles using a free-weight exercise. For shoulder flx-ext
exercise using the upper limb exoskeleton, a user would have the same movement as for the frontal raise motion. By substituting
the same angles, θ2 and θ4, for frontal raise motion in Eqs. (14)–(16), the joint torques of the shoulder with the exoskeleton are
obtained using the equations:

M2; f r = K1lCPlPB1 + mugru;z + mf grf ;z + m2gr2;z + m3gr3;z + m4gr4;z ð23Þ

M3; f r = mug rSE−ru;x
� �

+ mf g rSE + rEH−rf ;x
� �

−m3g r3;x−rSE
� �

−m4g r4;x−rEH−rSE
� �

+ K2lSA2 rSE + lEB2ð Þ + K3lSA3 lEB3−rSEð Þ
h i

sin θ3

ð24Þ

M4; f r = mf g rEH−rf ;x
� �

−m4g r4;x−rEH
� �

+ K2lEB2lSA2 + K3lEB3lSA2
h i

sin θ3 ð25Þ

To achieve the effects of frontal raise motion, the joint torques with the upper limb exoskeleton had to be the same as the joint
torques for frontal raise motion. The design constrains for Springs K2 and K3 are calculated as

lEB3 = 0 ð26Þ

lEB2 = rEH ð27Þ

lSA3 =
−m3grEH r3;x−rSE

� �
+ m4grSEr4;x

K3rSErEH
ð28Þ

lSA2 = mw
g
K2

� �
+

m4g r4;x−rEH
� �
K2rEH

ð29Þ

During shoulder flx-ext exercise, Spring K1 could be installed in any position, and the spring position did not affect the results of
the muscle strengthening exercises. The momentum about the axis z1* due to the weights of the upper limb and the links in the
exoskeleton was the same as the momentum in shoulder abd-add exercise. Therefore, the design for Spring K1 could be modelled
using the same equations as presented in Eq. (20). Eq. (29) also represents a linear proportion between the weight of external load
mw and the length of the connected points of Spring K2 with an adjustment lSA2 to increase the resistance for training intensity.
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3.2.3. Training upper limb muscles with elbow flexion/extension
As an example of elbow flx-ext resistance exercise, the dumbbell curl motion is used for strengthening the biceps brachii,

brachialis, and brachioradialis muscles. In addition, the overhead triceps extension is used for strengthening the triceps brachii
[20]. In the kinematic model, the angles θ2 and θ3 were fixed at 90 and 0 degrees, respectively. The forearm rotates about axis z3
with θ4. Substituting the angles θ2 and θ3 into Eqs. (4)–(6) produced a joint torque for θ2 of zero, whereas the joint torques for θ3
and θ4 were equalized and expressed as

τ3;dc = τ4;dc = mf g rEH−rf ;x
� �

+ mwgrEH
� �

sin θ4 ð30Þ

In the dumbbell curl motion, the joint torques were generated on the joints of Axes z3 and z4, and the installation of Spring K3

connected Link 2 and Link 4 to produce the same joint torques as for free-weight exercise (Fig. 3). For training the upper limb
exoskeleton for the elbow flx-ext exercise, substituting the angles θ2 and θ3 for the dumbbell curl motion into Eqs. (4)–(6) and
(14)–(16) yielded the joint torques for the upper limb exoskeleton. The joint torque of θ2 are the same as the shoulder flx-ext
exercise expressed using Eq. (30), whereas the joint torques for θ3 and θ4 are

M3;dc = mf g rEH−rf ;x
� �

−m4g r4;x−rEH
� �

+ K2lEB2lSA2 + K3lEB3lSA3
h i

sin θ4 ð31Þ

M4;dc = mf g rEH−rf ;x
� �

−m4g r4;x−rEH
� �

+ K2lEB2lSA2 + K3lEB3lSA3−K2lEA2rSE + K3lEB3rSE
h i

sin θ4 ð32Þ

The joint torques for θ3 and θ4 for the upper limb exoskeleton have to be to the same as for the dumbbell curl motion. As such,
the design constrains for Springs K2 and K3 are expressed as

lEB2 =
K3lEB3
K2

ð33Þ

lSA2 = 0 ð34Þ

lSA3 = mw
grEH
K3lEB3

� �
+

m4g r4;x−rEH
� �
K3lEB3

ð35Þ

For the dumbbell curl motion, the increase in resistance is produced by increasing the weight of external load, mw. However,
due to the linear proportion relationship betweenmw and K3, the adjustment for Spring K3, lSA3, was used to increase the resistant
force from Eq. (35) for training with the exoskeleton. The spring design constrain for Spring K1 was the same as that for the lateral
raise motion (see Eq. (20)).

The overhead triceps extension is a free-weight exercise that can be used to strengthen the triceps. In exercisingwith the upper
limb exoskeleton, the motion can also be performed with the elbow flx-ext exercise. In the kinematic model, the angles θ2 and θ3
were fixed at 90 and 180 degrees, respectively, and the forearmwas rotated about Axis z3 with θ4. By substituting the angles θ2 and
θ3 into Eqs. (10)–(12) and (14)–(16), the joint torques can be calculated. The momentums for the free-weight exercise has to be
the same as that for the upper limb exoskeleton. Therefore, the design constrains for Springs K2 and K3 were the same as those for
the elbow flx-ext exercise for training biceps, as shown in Eqs. (33)–(35). In the elbow flx-ext exercise for training the biceps and
triceps, Spring K1 could be set to any position because it would not affect muscle strengthening.

4. Embodiment design and the prototype for the upper limb exoskeleton

The preliminary embodiment design was carried out using 3D CAD software, and the major materials for the links were made
of aluminum alloy in this study. Thematerial characteristics of the links were defined in the CAD software to determine the inertia
parameters of the upper limb exoskeleton. The masses and the corresponding coordinates of the mass centers for each link are
listed in Table 1.

The resistance in the design is generated by adjusting the locations of the springs rather than changing the stiffness of the
springs. This design was expected to provide different levels of resistance to stimulate muscle strength recovery in patients with

Table 1
Inertial parameters of the upper limb exoskeleton.

Links (i) Mass (kg) ri,x (mm) ri,y (mm) ri,z (mm)

1 0.949 −45 82 25
2 3.470 −13 29 −18
3 0.716 143 0 −75.4
4 0.867 94 0 −50.6
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injuries and to provide more intense strength training for healthy individuals. In this study, the maximum resistant force was
designed to be 49 N (corresponding to a 5 kg weight dumbbell). Therefore, it was important to choose springs of suitable stiffness.
In the preliminary conceptual design of the upper limb exoskeleton, interference among the different links during exercise needed
to be considered. For example, the attached point B3 was a prominent link on Link 4 that exceeded the elbow joint. In the upper
limb stretching course, the motion interference of Link 4 and Link 2 would interfere if the length of the prominent link was longer
than the upper arm. Therefore, lEB3 was designed to be 150 mm (i.e., shorter than the length of the subject's upper arm). The
spring-adjustable pointswere limited from 1 mm to 160 mm. The adjustable lengths lCA1, lSA2, and lSA3 of Springs K1, K2 and K3 were
designed to be attached to Link 2, which was a reasonable and convenient location for setting the adjustment of the exoskeleton.
Moreover, the length lB1P*was designed to be 155 mm,which conformed to the limitations of the adjustable range. Considering the
limitations and the mass properties of the linkages, together with the anthropometric parameters of humans as expressed in
Eq. (19), the range of spring stiffness for K1 lies in the range

0:95N =mm ≤ K1≤ 1:51 N =mm ð36Þ

Following the same steps for the shoulder flx-ext exercise, the range of spring stiffness for K2 was derived from Eq. (29), and for
the elbow flx-ext exercise, the range of spring stiffness for K3 was obtained from Eq. (35). The ranges of spring stiffness for K2 and
K3 were

0:46N =mm ≤ K2≤ 1:36N =mm ð37Þ

0:66N =mm ≤ K3≤ 3:27N =mm ð38Þ

The K1, K2 and K3 springs that were available within the stiffness ranges were selected for this design. During the practical
implementationof this design,wechose springswith the following stiffness fromthecatalog [22] of standard springs:K1 (1.421 N/mm
(0.145 kgw/mm)),K2 (0.49 N/mm(0.05 kgw/mm)) andK3 (0.69 N/mm(0.07 kgw/mm)). The link lengths rSEand rEHof theupperarm
and forearm could be measured based on an anthropometric database. According to the anthropometric resource from the Naval
Biodynamics Laboratory [23], Chandler et al. [24], and the institute of occupational safety and health in Taiwan [25], the link lengths of
upper arm and forearm, and the total body weight for small, medium, and large-sized human beings are listed in Table 2.

The spring design parameters of the exoskeleton were functions of the lengths of the upper arm and forearm and of the mass
properties of the links. Using the values formu,mf, rSE, rEH, K1, K2, and K3, together with the link parameters, we calculated the range
of spring-adjustable points, and these are listed in Table 3.

In the embodiment design for the device, the arrangement of three revolute joints for the 3-DOF shoulder joint is illustrated in
Fig. 5(a). The revolute joints for Axes z0, z1, and z2 were achieved using thrust bearings to decrease clearance defects. The elbow
joint was accommodated using a revolute joint and selective connection positions for small, medium, and large-sized human
beings to adjust the length of the upper limb for different subjects. Thrust bearings were used to achieve elbow flexion–extension
motion. The length of the forearm link was also adjusted using a linear slide so that the device would fit different individuals. The
CAD drawing is shown in Fig. 5(b).

Table 2
Anthropometric parameters of the upper limb.

Dimension descriptions Small Medium Large

Upper arm (rSE, mm) 224 255 286
Forearm (rEH, mm) 267 317 368
Total body weight (TBW, kg) 44.3 62.1 79.9

Table 3
Detailed spring design parameters for the exoskeleton.

Spring design parameters (mm) (Resistance:1 kg–5 kg)

Spring adjustments Small Medium Large

Shoulder abd-add exercise lCA1 1–150 1–150 1–150
lPB1 155 155 155

Shoulder flx-ext exercise lSA2 7–90 7–90 7–90
lEB2 267 317 368
lSA3 8 8 8
lEB3 0 0 0

Elbow flx-ext exercise lSA2 0 0 0
lEB2 210 210 210
lSA3 11–160 11–160 11–160
lEB3 150 150 150

All exercises lCP 9 9 9
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In this design, a standard spring with a wire and pulley construction was used to emulate a zero-free-length spring. The zero-
free-length Spring K1 was attached to Point A1 on Link 1, and Point A1was attached to Link 2. An embodiment design of Spring K1

was illustrated in Fig. 5(c), and the standard Spring K1 was fixed using a pin and connected Point B1 and Point A1 with wire and
pulleys. The distance of Point B1 to A1was not limited to the free length of the spring. The arrangements for the K2 and K3 springs
were the same as for Spring K1 and are shown in Fig. 5(d). To increase the intensity of the exercise, the installation in Link 2 could
be adjusted using three lead screws. The possibility of interference between the links and springs during exercise was carefully
considered and eliminated during 3D CAD drawing.

A detailed design of the upper limb exoskeleton based on the embodiment design was completed, and a prototype, shown in
Fig. 6, was built for functional and performance evaluations.

E 

Z3

a)  The arrangement of the shoulder joint b)  The arrangement of the elbow joint 

c) The arrangement of Spring K1 d) The arrangement of Springs K2 and K3

Fig. 5. Embodiment design of the upper limb exoskeleton.
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5. Preliminary evaluation

5.1. Experimental set-up

Experimental study involved two healthy subjects, onemale and one female, who volunteered to participate in this preliminary
evaluation. Based on their self-reports, neither had any history of neural or musculoskeletal disease. Shoulder and elbow motions
were recorded with a Vicon MX-F20 motion analysis system (Oxford Metrics, Ltd., Oxford, UK) at a capture rate of 100 Hz. This
system utilized eight synchronized high-speed infrared charge-coupled display (CCD) cameras to track eight reflective markers,
each 14 mm in diameter, mounted with double-sided hypoallergenic tape at the following bony anatomical landmarks on the
subject's trunk and right upper limb: the seventh cervical vertebrae (C7), suprasternal notch (CLAV), acromion (RSHO), lateral
epicondyle (RLEL), medial epicondyle (RMEL), processus styloideus radii (RMWR), processus styloideus ulnae (RLWR), and the
metacarpophalangeal joint (MCP) of the right middle finger (RFIN). These maker locations were selected to best define the
segments while minimizing skin motion.

An initial static calibration of the motion capture system, followed by a dynamic calibration, was performed before conducting
this experiment. Motion capture software (Vicon Nexus 1.2) was used to digitize the body landmarks. After the markers were
properly attached, the exoskeleton was mounted on an aluminum frame, and the joints of the exoskeleton were aligned with the
subject's shoulder and elbow joints. While wearing the exoskeleton, the subjects were then asked to stand in the object-space,
consisting of the field of view of the CCD cameras, and move their shoulders, elbows, and wrist joints to ensure that each marker
could be captured by at least two cameras at all times during the data recording. The subjects then performed the selected free-
weight exercise and shoulder abd-add, shoulder flx-ext, and elbow flx-ext movements in the object-space with the spring-loaded
upper limb exoskeleton in place. The motion analysis system recorded each movement of the upper limb segment by tracking the

Fig. 6. The perspective view of the prototype of upper limb exoskeleton.
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3-D location of the markers. Basic function tests consisted of an active range of motion, shoulder abd-add, shoulder flx-ext, and
elbow flx-ext Vicon motion data were also collected for each subject (Fig. 7).

Table 4 shows the anthropometric parameters of the two healthy subjects, where TBW is the total body weight.
The resistant force was set at two different weight levels, 1 kg and 3 kg, for the free-weight exercise. The segmental weights for

the upper arms and forearms are based on those given by DeLeva [21], who proposed the body segment parameter data estimation
as shown below:

mu = Ru × TBWð Þ ð39Þ

mf = Rf × TBWð Þ ð40Þ

Here, Ru and Rf are the ratios of the weights of the upper arm and the forearm segments, respectively, as percentages of the total
body weight; the ratios were 0.0271 and 0.0162 for the male subject and 0.0255 and 0.0138 for the female subject.

Based on the anthropometric parameters of the male and female subjects, the exact values of lCA1, lSA2, and lSA3 for the 1 kg and
3 kg weight resistances applied to the upper limb exoskeleton are listed in Table 5. The resistance was easily changed by adjusting

a) Shoulder flx-ext exercise with the 
upper limb exoskeleton 

b) Shoulder abd-add exercise with 
the upper limb exoskeleton 

c) Elbow flx-ext exercise with the 
upper limb exoskeleton 

Fig. 7. Resistance exercises performed using the upper limb exoskeleton.

Table 4
Anthropometric parameters of the subjects.

Subjects TBW Upper arm (rSE) Forearm (rEH) Segmental weight (mu) Segmental weight (mf)

Male 77 kg 280 mm 352 mm 2.09 kg 1.25 kg
Female 60 kg 263 mm 309 mm 1.53 kg 0.63 kg

Table 5
The adjustable length of springs for 1 and 3 kg weight resistances.

Subjects Resistance
(kg)

Adjustments of springs for muscle strengthening exercise (mm)

Shoulder abd-add (lCA1) Shoulder flx-ext (lSA2) Elbow flx-ext (lSA3)

Male 1 5 9 15
3 74 49 82

Female 1 4 10 14
3 67 50 73
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the position of the nut of the leading screw corresponding to the selected exercise to a new position relative to the zero position
(i.e., aligned with the Z2 axis); these positions are listed Table 5.

5.2. Experimental protocols

Three common human movements were chosen for evaluation: shoulder add-abd, shoulder flx-ext, and elbow flx-ext. Each
movementwasperformed ina slowly controlledmanner forfive consecutive repetitions: lifting (1 second) and then lowering (1 second),
without sudden jerks or accelerations. The range of movement (90 degrees) in the evaluation was measured from the starting position
(when theupper armand forearmwerepointingnaturally downward)upward to thefinal position (when theupper armand forearm, or
just the forearm, were horizontal), and the direction was then reversed. To provide 1- and 3-kg and resistances in each case, dumbbells
were used for the free-weight exercise, and the resistance was supplied by springs for the upper limb exoskeleton motion.
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Fig. 8. Experimental data for joint torques with 1 kg and 3 kg resistances.
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5.3. Data analysis

Detailed information was collected regarding the upper limb kinematics. The inverse dynamics approach is the most
commonly used method for solving unknown reaction forces and moments. Joint torques were thus calculated using a 3D generic
inverse dynamicmethod [26]. Motion analysis data for the exerciseswere obtained using the Vicon Nexus software. Analysis of the
upper limb kinematics was restricted to the motion of the shoulder and elbow. The first three data sets for the five repeated trials
were analyzed to obtain averaged results for the three sets; if one of these three data sets was unsuitable for data analysis, the
fourth or the fifth data set was then substituted.

6. Results

Fig. 8 presents a comparison between the joint torques in the free-weight exercise and in the resistance exercise with the upper
limb exoskeleton for these experiments. As shown in Fig. 8(a)–(d), the peak joint torques were at 180 degrees for the shoulder
abd-add exercise and 90 degrees for the flx-ext exercise. The joints should generate higher torques when the upper limb is
straightened in the horizontal position, where the moment arm has the greatest distance perpendicular to the resistant force for
the joint. A similar reasoning can be applied to the elbow flx-ext exercise; the forearm is drawn upward in an arc from a vertical
position to the horizontal position, whereas the forearm is pointing down to the vertical position in the reverse direction; this is
illustrated in Fig. 8(e)–(f).

Based on the data collected from the preliminary evaluation, the tendencies observed for the shoulder add-abd, shoulder flx-
ext, and elbow flx-ext resistance exercises with the upper limb exoskeleton were nearly equivalent to those for the joint torques
obtained for the upper limb dumbbell lateral raise, the dumbbell frontal raise, and the dumbbell curl exercises (Fig. 8), which was
expected. One exception was found in the elbow flx-ext exercise conducted by the female with 1 kg and 3 kg of resistance; by
carefully examining the collected data, we found that differences arose in the movement of the shoulder joint of the exoskeleton
during the elbow flx-ext exercise experiment. In the dumbbell curl motion, the upper arm must remain still, naturally pointing
downward toward the ground. For consistency with the dumbbell curl motion, we suggest that the shoulder joint of the
exoskeleton be held fixed when performing the elbow flx-ext exercise with the upper limb exoskeleton. The peak torques of the
exercises and their differences are listed in Table 6.

7. Conclusions

We tested an unpowered upper limb exoskeleton designed for resistance exercise to strengthen the principal muscles of the
upper limbs while preventing overextension injuries. A linear relationship was determined between the weight of the external
load and the attached spring. Instead of changing the weight during the resistance exercise, the resistant force was provided by
spring elements withmoveable attachment points that could be adjusted to increase the intensity of muscular exercise. The upper
limb exoskeleton was used to perform shoulder abduction–adduction, flexion–extension, and elbow flexion–extension exercises,
and the torques of the shoulder and elbow joints with the exoskeleton were expected to be equal to the objective joint torques
obtained from models of free-weight exercises. A prototype was constructed, and an on-line motion analysis was conducted to
record designated motions by two subjects with free weights and with the upper limb exoskeleton. The data trends showed good
conformity in all exercises, especially for the joint torque data in the shoulder add-abd and shoulder flx-ext exercises. Based on
these preliminary results, this study provided a working prototype of a design for an upper limb exoskeleton with an adjustable
upper arm and forearm length that is suitable for average-sized human beings. Because this device uses an arrangement of small
inertial springs to provide resistance, it is capable of preventing the muscle injuries caused by large inertial forces.

Table 6
The peak torques and differences for the free-weight and upper limb exoskeleton exercises.

Subjects Resistance (kg) Free-weight τ (N-mm) Exoskeleton M (N-mm) Difference (%)

Shoulder abd-add exercise
Male 1 15,743 15,247 −3.15

3 27,937 25,946 −7.12
Female 1 12,385 12,964 4.67

3 24,344 23,049 −5.32
Shoulder flx-ext exercise
Male 1 16,281 16,334 0.32

3 28,326 27,925 −1.41
Female 1 12,366 12,440 0.59

3 23,993 24,440 1.86
Elbow flx-ext exercise
Male 1 5769 5054 −12.39

3 11,485 8,193 −29.13
Female 1 4354 4827 10.86

3 10,195 11,536 13.15

* τ: joint torques for the free-weight exercise; M: joint torques for the exoskeleton exercise; D:M−τ
�
τ × 100%:
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