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Abstract 

One of the main challenges for the elderly is insufficient lower limb strength during sit-to-stand movement, which 
may be improved by supporting the joint externally. Existing lower extremity exoskeletons use perfect revolute joints 
as knee joints, which do not match with human joint biomechanics. They also require a complex control system to 
produce the required torque at the corresponding joint angle. In this study, a knee support device using four-bar joint 
mechanism and hydraulic artificial muscle (HAM) was designed. A previously proposed four-bar linkage joint was 
modified to accommodate the HAM. In addition, the Angled Bar was proposed to exploit HAM’s force-contraction 
relationship to generate the desired torque at the corresponding angle only by applying constant hydraulic pres-
sure without the use of a complex control system. The device was able to generate a maximum output of 126.55 Nm 
torque at 100◦ knee joint angle during loading and 70.69 Nm torque at 100◦ during unloading at 3 MPa pressure. The 
root-mean-square error of the knee extension torque curve was 13.01 Nm. Experiment with a healthy participant 
showed significant reduction in muscle activity with the assist from the device. The maximum processed EMG signal 
with and without assist were 52.10 and 20.93 µV , respectively.
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Introduction
Sit-to-stand (STS) is one of the most important actions 
for independent living. On average, a free-living adult 
performs 60 STS actions per day [1, 2]. However, STS is 
also a major problem for older individuals; most falls suf-
fered by the elderly occur while performing an STS trans-
fer [3, 4]. Moreover, falls are one of the main causes of 
accidental injuries and death for older people [5, 6].

Physical weakness of the elderly is the main cause of 
falling accidents [6]. Adequate lower extremity strength 
is a more significant factor for successful STS [7], than 
balance control [8]. Therefore, existing assistive devices 
aim to provide mechanical assistance to support STS 
motion [9–14].

Current STS assist devices can be roughly divided into 
three main categories: manual, powered, and exoskel-
etons. Manual assistive devices, including transfer poles, 
assist rails, and handles, do not directly provide mechani-
cal assistance but depend on the user’s upper extremities 
to contribute additional force to support the STS motion. 
Therefore, a lack of upper body strength will limit this 
type of devices’ usefulness. Powered assistive devices, on 
the other hand, provide powered assistance to support 
STS action of the user. This type of device includes pow-
ered seat [9, 10] and stand assist power lift. While these 
devices are effective on assisting STS transfer, they are 
often large and not easily moved between locations. Fur-
thermore, their applicability is limited to STS support.

Exoskeletons, on the other hand, are worn by the 
patients and have much better mobility than powered 
type. Moreover, they provide direct torque assist to the 
respective joints, and therefore are potentially beneficial 
to other applications such as power assist. For STS assist, 
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exoskeletons can be beneficial to both patients who are 
unable to deliver torque at all, and patients who can pro-
vide limited lower-limb torque. For the former group, the 
exoskeleton needs to provide complete support for STS 
action. For the latter group, on the other hand, exoskel-
etons should only compensate for the insufficient torque 
for STS action. Excessive support for this group of wear-
ers may cause overreliance, which leads to further loss of 
muscle strength.

During an STS action, the hip, knee, and ankle are the 
three main joints that need to be actuated. Previous stud-
ies suggest that the knee joint is the main limiting joint 
for the STS action [15–17]. Exoskeletons can directly act 
on the knee joint to compensate for the lacked strength 
at knee joint, without interfering with other joints. Ear-
lier knee exoskeleton have been shown to be beneficial in 
assisting STS motion [14].

Many existing STS exoskeletons in the literature use 
revolute pivot joints as their knee joints [12–14]. Human 
knee joints, on the other hand, have moving instanta-
neous centers (IC) due to the shape of the condyle and 
ligaments [18–20]. This mismatch between the exoskel-
eton and human biomechanics creates discomfort and 
increases metabolic consumption [21].

One solution to the problems above is to utilize an 
actuator with unique characteristics such as a Hydrau-
lic Artificial Muscle (HAM) [22]. A HAM has very high 
force output at rest length, but weakens as the contrac-
tion ratio increases. This characteristic can be exploited 
as both a range of motion limiting mechanism and the 
provision of necessary torque outputs at corresponding 
knee joint angles without a control system.

In this study, a knee supporting device based on 
crossed four-bar linkage powered by HAM is proposed. 
Extensive research on the four-bar linkage has been done 
to emulate the knee ligaments and replicate the move-
ment of the human knee joint. The Angled Bar is added 
to an existing four-bar linkage design to provide torque to 
the mechanism with considerations to the HAM’s char-
acteristics. The HAM provides high force density and 
back-drivability to the device, in addition to the unique 
force-contraction ratio relationship.

Design
The design of the device consists of two main parts: the 
HAM and the modified four-bar linkage.

Hydraulic artificial muscle
Construction of the HAM can simply be described as a 
rubber tube surrounded by a woven sleeve. When pres-
sure is applied to the inner tube, it expands radially, 
widening the braiding angle of the sleeve, which creates 
contraction force in the axial direction. Both ends of the 

HAM used in this research are sealed with aluminum fit-
tings which fasten the rubber tube and the outer sleeve 
together, and provide an inlet/outlet port for hydraulic 
pressure [22]. A photograph of the HAM is shown in 
Fig.  1. The HAM can only generate force in the direc-
tion of contraction. The theoretical contraction force is 
described in [23] as shown below,

where:

f = contraction force
θ = braiding angle
D = diameter of tubing when θ = 90◦

P = applied pressure

which can also be rewritten as a function of contraction, 
as

where:

d0 = initial diameter
φ0 = initial braiding angle
ε = contraction of the HAM

Comparisons between theoretical and experimental 
contraction force of the HAM is shown in Fig.  2. This 
model only considers hydraulic pressure inside the tube 
and contraction force created from the increased braid-
ing angle, ignoring the thickness of rubber tube, elasticity 
of rubber tube and braiding sheath, and friction between 
surfaces of the components. Due to the reasons above, 
this model cannot explain why maximum contraction 

(1)f =

πD 2P

4
(3 cos2 θ − 1)

(2)f =

πd0
2P

4

1

sin2 φ0
(3 (1− ε)2 cos2 φ0 − 1)

Fig. 1 Photo of the HAM used in this study in rest state and 
contracted state with 3 MPa applied pressure
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ratio increases as the supplied pressure is increased. 
Finally, it also ignores hysteresis properties of the rubber, 
which results in different stress-strain curve during the 
loading and unloading of the HAM. The hysteresis loops 
occur due to Mullins effect, which is a mechanical prop-
erty of rubbers [24].

The HAM has many advantages compared to tradi-
tional hydraulic actuators such as a hydraulic cylinder. 
First, it is lighter and has higher force density per mass 
and energy density per mass than other actuators, which 
are typically made from metal [22]. This is especially 
useful in wearable robot applications, where increased 
weight along the limbs creates higher inertia in addition 
to higher load from the weight. Secondly, it is inherently 
compliant due to its material being rubber. This is a ben-
eficial characteristic for wearable robots and can be easily 
realized with a HAM without needing advanced control. 
Lastly, its force output depends on its stroke. This idea 
will be further discussed in the next paragraph.

Contraction force of the HAM depends on its con-
traction length as shown in Fig.  2. Its contraction force 
is highest at rest length, and gradually decreases as it 
contracts. Contracting the HAM beyond its neutral 
length quickly leads to buckling. This characteristic can 
be employed in applications where force requirement 
is not constant such as a STS support device. Force-
contraction ratio of the HAM can be matched with the 
torque requirement curve of the device. Furthermore, 
since HAM cannot contract beyond its minimum con-
traction length, it physically cannot actuate beyond the 
designed range of motion and serves as an intrinsic range 
of motion limiter.

The HAM used in this study can operate at up to 5 
MPa, in which it has a contraction force of 5.3 kN and 

approximately 29.5% contraction ratio. However, the oper-
ating point of 3 MPa was selected. Properties of the HAM 
used in this study are shown in Table 1.

Modified four‑bar linkage
Various types of four-bar linkage knee mechanisms have 
been previously proposed with different design goals such 
as improving knee stability [25], replicating the shape of 
condyle [26], mimicking ligaments [27], or creating the 
desired instantaneous helical axis [28]. In this paper, a four-
bar linkage based on design proposed in [26] is utilized.

Let point A be the origin of the coordinate system, with 
the knee joint angle defined as 0◦ at full extension, and 
increases in the flexion direction. The configurations of 
the four-bar linkage are shown in Figs. 3,  4. The difference 
between the knee joint angle θknee and θ2 is equal to the ini-
tial angle of θ2 , which is defined as θi.

The angle θ1 as a function of θ2 can be found from a solu-
tion of Eq. 4.

(3)θknee = θ2 − θi
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Fig. 2 Theoretical and experimental F–ε relationship of the HAM 
used in this paper

Table 1 Properties of the HAM used in this paper

Parameter Value

Rest length 220 mm

Maximum pressure 5 MPa

Maximum contraction force 5.3 kN

Maximum contraction ratio 29.5%

Outer tubing diameter 11 mm

Initial braiding angle 25
◦

Dry weight (including fittings) 160 g

Fig. 3 Four-bar joint mechanism with Angled Bar at θknee = 0
◦
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where:

r1 = length of link AB
r2 = length of link BC
r3 = length of link CD
P = r3

2
− r1

2
− (xD − r2 cos θ2)

2
−

(

yD − r2 sin θ2
)2

Q = 2 r1(xD − r2 cos θ2)

R = 2 r1
(

yD − r2 sin θ2
)

which will allow the position of point B, and subse-
quently, E, to be obtained.

The IC of link BC is located at the intersection of link 
AB and CD [29]. Finally, the torque output can be calcu-
lated from the cross product of position vector and force 
vector.

Angled Bar BE is extended from link BC as shown in 
Fig. 3 to act as a lever and allow adjustments to the out-
put torque curve with considerations to the force output 
of the HAM. From the diagram shown in 4, parameters 
that affect the performance of the device are l1 , l2 , l3 , and 
ϕ . The effects of each parameter is discussed below.

Since torque is defined as the cross product of posi-
tion vector and force vector, the output torque can be 
increased by increasing the force vector’s magnitude 
and position vector’s length. Force can be maximized 
by increasing pressure or adding additional HAMs, 

(4)(P − Q) tan2
(

θ1

2

)

− 2R tan

(

θ1

2

)

+ P + R = 0

which can be easily be added infinitely so long as other 
constraints such as space, weight, or material strength 
allows. The position vector, which corresponds to the 
length of the angled bar l1 , however, is limited by stroke 
of the actuator and the desired motion range. Thus, both 
the length of HAM and link l2 should both be maxi-
mized to increase the contraction distance. In the case 
that the length of HAM is already determined, l2 should 
be adjusted according to the length of the HAM and the 
desired range of motion, which is determined by the link 
l1 and ϕ.

The parameter ϕ correlates to the shape of the output 
torque curve as illustrated in Fig.  5. Generally, negative 
ϕ values lead to torque curve peaks at larger joint angles, 
while positive ϕ values lead to opposite results. On the 
other hand, larger l1 values lead to higher peaks in the 
torque curve, but also reduce motion range.

Finally, l3 should be maximized to prevent HAM from 
moving over IC, which will generate torque in the oppo-
site direction.

Simulation and optimization
In this section, simulations were used to obtain optimal 
parameters for the proposed device. First, an STS model 
was developed to find the required torque to be used as 
a target for optimization. Next, l1 , l2 , l3 , and ϕ values that 
gave the most similar torque-angle graph as obtained 
from the STS model were selected.

Sit‑to‑stand model
To obtain the required torque as a function of knee joint 
angle, an STS model was created according to STS data in 
[17] and body parameters in [30, 31], namely male body 
model with 73.0 kg weight and 1.741 m height was used. 

Fig. 4 Diagram of the developed device. Red lines represent four-bar 
linkage, as well as l1 , l2 and l3
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Fig. 5 Torque curve of the device with positive, zero, and negative ϕ 
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The model’s arms were crossed over the chest. The head-
arm-trunk, thigh, and shank were assumed to be three 
rigid bodies as shown in Fig. 6.

The model showed highest torque requirement at 72.49 
Nm per leg at the beginning of the STS action, and lessened 
as the joint angle became larger. The model agrees with the 
literature, which reported peak 0.9 Nm/kg body mass per 
leg [7] or 1.17 Nm kg−1 m −1 with respect to body-weight 
times height [32], and maximum torque is reached at seat-
off [7, 17, 32, 33]. The resulting torque at ankle, knee, and 
hip is shown in Fig. 7.

Artificial muscle model
The HAM was modeled to have linear contraction force 
without hysteresis based on data obtained from experi-
ments rather than theoretical force shown in Eq.  2. A 
least-squares regression was performed on the unloading 
contraction force curve to find the linear relation.

where:

β0 = y-intercept, or the maximum contraction force
β1 = regression coefficient
e = error term

The maximum contraction ratio of the HAM is found at 
x-intercept

Stiffness beyond maximum contraction ratio was ignored 
due to unpredictably in buckling, and the force output 
was assumed to be zero. Finally, the force-contraction 
relationship of the HAM used during the design process 
is described by Eq. 7.

(5)y = β0 + β1x + e

(6)εmax = −

β0

β1

(7)F(ε) =

{

β0 + β1ε if 0 ≤ ε < εmax

0 if ε ≥ εmax

Contraction force beyond rest length was undefined. The 
force-contraction ratio relationship of the modeled HAM 
is shown in Fig. 8.

Angled bar parameters
The HAM used in this study has 220 mm rest length, and 
the parameters l1 , l2 , l3 , and ϕ were adjusted accordingly. 
The HAM was specified not to exceed the rest length for 
safety reasons. The cost function utilized was root-mean-
square error (RMSE), which was defined as

where:

n = number of sampled points
Treq,i = torque at knee joint shown in Fig. 7
Ti = torque generated using selected parameters

The best combination of parameters was found through 
exhaustive search. Every integer values of l1 , l2 and l3 
within the interval [0, 100], [200, 300], and [0, 100] mm 

(8)RMSE =

√

√

√

√

1

n

n
∑

i=1

(Treq,i − Ti)2.

Shank

Thigh

Head, Arms, and Trunk

Fig. 6 STS model used in this study. Asterisks represent Center of Mass of each rigid body
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respectively were used. The upper limit of ϕ was found 
analytically and ϕ between [0 71] degree were utilized.

Simulations were done at 2 MPa, 3 MPa, 4 MPa, and 5 
MPa. Results above 3 MPa showed no significant differ-
ences as illustrated in Fig. 9, thus 3 MPa was selected for 
better safety and lower pump requirements.

Moreover, simulation results showed improved per-
formance over a hydraulic cylinder with similar design 
optimization methods as shown in Fig.  10. Two cylin-
ders were analyzed for comparisons: a hydraulic cylin-
der with 11 mm piston diameter, which is the same size 
with HAM’s initial diameter, operated at 3 MPa; and a 
hydraulic cylinder with 2769 N contraction force, which 
is HAM’s maximum contraction force at 3 MPa. The cyl-
inders were modeled to have constant contraction force 

throughout their strokes. The piston rod was ignored for 
the 11 mm diameter cylinder.

The torque curve obtained using a similar-sized cylin-
der shows much lower torque output. On the other hand, 
the torque curve obtained using the cylinder with similar 
contraction force has larger error, lower peak torque, and 
negative torque output at low knee joint angle. The nega-
tive joint torque output may hinder the STS performance 
and thus is undesired. An additional control system is 
required to manipulate the hydraulic pressure and obtain 
the appropriate torque curve.

The superior performance of the HAM can be achieved 
due to its high contraction force. To obtain a peak torque 
similar to the HAM, a much larger cylinder or l1 values 
is required. In addition, HAMs’ force-contraction ratio 
relationship can be exploited, as opposed to cylinders 
where force is constant regardless of stroke length. This 
means that the HAM and optimized linkage design real-
ize the required torque-angle properties without com-
plicated hydraulic pressure control but only by keeping 
constant pressure. This makes the hydraulic control sys-
tem very simple and practical.

Experiments
Output torque measurement
A  photograph of the developed device is shown in 
Fig.  11.  Experiments were carried out to determine the 
torque output of the device. The shank part of the knee 
joint was extended using an aluminum bar. The device 
was clamped vertically at the thigh part, and 3 MPa 
hydraulic pressure was supplied to the device. Force 
was applied to the end of the aluminum bar by hand by 
pressing the force gauge against the bar. To measure the 
loading torque curve, force was applied to the bar from 
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neutral (extended) position until the shank part moved to 
the measuring angle. For the unloading torque curve, the 
shank part was first moved to the maximum flexion angle 
of 105◦ , then the applied force was gradually reduced and 
force was measured when the shank part reached the 
measuring angle.

Output torque of the device was calculated by applied 
force multiplied by distance to IC plus torque created 
by weight of the extended bar. Force was measured 
using a force gauge (FGP-50, SHIMPO), and the angle 
was measured by digital angle gauge (WR300, WIXEY). 
Pressure was supplied from a hydraulic unit (YU-65912, 
HI-PLAN) controlled with a hydraulic valve (BSDFA03-
P-315, WANDFLUH). Pressure was measured using a 
digital pressure transmitter (8252.83.2517, TRAFAG). 
The experimental setup is shown in Fig. 12. 

The output torque shows low output torque at low knee 
joint angle, and increases as the angle becomes larger, 
similar to the required output curve as shown in Fig.  13. 
The device shows a different torque curve during knee 
extension and flexion due to the hysteresis characteristic 
of the HAM, which has different contraction forces dur-
ing loading and unloading. During STS, the knee joint 
moves in extension direction (i.e., reducing knee joint 
angle) therefore torque curve in the extension direction 
should be evaluated to correctly interpret the results.

Experimental results in the extension direction agreed 
well with the expected results up to 100◦ . The RMSE of 
expected results and experimental knee extension results 
were 1.98 Nm and 13.01 Nm, respectively. If the 105◦ 

point is discarded, the RMSE would reduce to 5.048 Nm. 
We believe this was caused by non-linear force-contrac-
tion curve which was ignored during the design process, 
and mechanical deformations of the links.

Support evaluation
To validate the reduction of muscle activity and verify 
the degree of support provided by the device during STS, 
surface electromyography (EMG) of a healthy partici-
pant was measured. The subject was a 24-year-old male, 
with 1.65 m body height and 56.4 kg body mass. An alu-
minum bar, 3D printed braces, and straps were added to 
the device to attach the device to the leg of the user. The 
device was worn only on the right leg as shown in Fig. 14. 
Hydraulic pressure was reduced to 2.30 MPa in propor-
tion to the participant’s body mass.

Fig. 11 Photo of the developed device

Fig. 12 Experimental setup
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The subject performed three trials of the experiment 
while wearing the device, each time with and without 
assist from the device. One trial of experiment consists 
of sitting in normal position for 60 s, sitting in seat-
off position for 10 s, performing STS at natural speed, 
and stand for 10 s. For the active trial, the device was 
activated at the start of STS. The subject’s arms were 
folded across the chest for the whole duration of the 
experiment. The subject tried to keep the ground reac-
tion force on both feet equal.

The EMG signal on the right Rectus femoris was 
measured using a surface electromyography device 
(FREEEMG 1000, BTS Bioengineering). The signal was 
sampled at 1 kHz, and processed with sliding window 
root mean square of 200 samples windows length. The 
signals were normalized to the STS duration, then the 
averages between the three trials were calculated.

The results show significant reduction in mus-
cle activity with support from the device as shown in 
Fig. 15. The maximum processed EMG signal with and 
without assist were 52.10 and 20.93 µV , respectively.

Discussion
In actual application of the device, every individual has 
different physical properties such as body mass, height, 
leg length, and muscle strength. These different proper-
ties make the required torque curve for every individual 
unique. While this may be true, the output torque of 
the device can also be adjusted by changing the applied 
hydraulic pressure. The highest torque requirement for 
STS is at seat-off, which is approximately proportional 
to body mass. Following this approximation, the device 
at 5 MPa applied pressure would be able to support a 
fully paraplegic subject up to 109 kg body mass. For 
users who have limited muscle strength, the device’s 
torque output can be lowered to match the required 
degree of support by reducing the hydraulic pressure.

The device should be worn firmly to facilitate trans-
fer of torque between the exoskeleton and wearer’s 
knee. The braces and straps should be sufficiently tight 
and able to adapt to different leg shapes without being 
uncomfortable to the wearer. The thigh and shank part 
should also be able to be configured for different leg 
alignments. These issues will be studied in the future.

To provide hydraulic pressure for the device, a 
hydraulic power supply is required. A small pump unit 
can be utilized. For example, a supply unit proposed in 

Fig. 14 Photograph of the subject wearing the proposed device
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[34] has a total weight of 2.2 kg and can provide up to 
12 MPa pressure, which is much higher than the pres-
sure requirement of this study. Another solution is to 
utilize a follower robot to provide mobile hydraulic 
supply such as those proposed in [35].

Conclusion
In this paper, a knee support device was developed using 
four-bar linkage joint mechanism and HAM. A STS 
model was created to obtain torque at knee, hip, and 
ankle. The Angled Bar was proposed to adjust the con-
traction force of HAM to the four-bar joint to generate a 
differing knee joint torque at the corresponding angular 
position. The required torque curve was obtained only 
by applying constant 3 MPa pressure without pressure 
adjustments or the use of a complicated control system. 
This allows a simple hydraulic controller to be utilized, 
which reduces the complexity of the system and improves 
practicality. Finally, the applicability of the developed 
device was validated through significant reduction of 
muscle activity on a healthy participant, which was meas-
ured using EMG. Application of HAM led to a simpler 
device with a superior performance compared to equiva-
lent hydraulic cylinders, in addition to lower weight and 
passive backdrivability.
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