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The identification of human movement is important for 
orthosis and prosthesis designs,[1,2] ergonomic studies,[3] 
sportive activities,[4,5] and humanoid mechanism.[6,7] As 
human movements result from the interaction of count-
less muscles, joints and nerves, movement in daily life 

occurs without conscious awareness. Relatively more 
strength is required to carry out some of these move-
ments. The lower extremity and body muscles work in 
unison to execute the movements of sit-to-stand (STS), 
crouch down-stand up, and climbing up stairs. 

Objective: The aim of this study was to determine the joint torques on the lower extremity during the 
daily physical activity movements of sit-to-stand, crouch down-stand up, and stair climbing without 
using an external device.
Methods: The study subject was a healthy 26-year-old male without any physical problems. A link-
segment model was prepared according to the subject’s individual anthropometric characteristics and 
transferred to the MATLAB® program. Joint torques were calculated using SimMechanics™ software. 
Motions were recorded by one digital video camera as the subject performed the movements (sit-to-
stand from 20 cm and 40 cm height, crouch down-stand up, and climbing 10 cm and 20 cm high step) 
and the joint’s position data was obtained using a digitization process. In addition, the vertical ground 
reaction forces were measured using a force plate in order to test the accuracy of the link-segment 
model. Lower extremity joint torques were calculated.
Results: Maximum joint torques occurred in the knee joint. The knee and the ankle joints were the 
most loaded joint during the high step movement. The highest torques of the knee and ankle joint were 
157.2 Nm and 146 Nm, respectively, during the movements. Knee joint torque and the ankle joint 
torque increased when the sitting height increased. The hip joint experienced the least amount of load 
during the movements.
Conclusion: The knee joint has enough strength against high torques during extension and flexion 
movement. Joint torques can be successfully calculated using a simulation process involving an inverse 
dynamics method without an external device mounted on the limbs. The obtained data can be used in 
the design of prosthetics and orthotics and for structural analysis of the bones.
Key words: Biomechanical analysis; inverse dynamic method; joint torque; lower limb; motion analy-
sis; physical activity.
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The joint-limb models that explain the mechanical 
structure of the human body simplify the formation that 
make up movement such as skeletal muscles, joints and 
bones[8] thereby easing dynamic analyses. The joint-limb 
model in our study was created using the MATLAB® 
Simulink and SimMechanics™ (The MathWorks Inc, 
Natick, MA, USA) libraries that have been reported to 
provide successful examination of non-complex human 
movements.[2,6] SimMechanics™ is a software in which 
the geometric and mass attributes of real dimension 
physical systems are modeled as block diagrams and dy-
namic solutions are carried out in accordance with the 
laws of Newton mechanics. 

Various external devices placed on the limbs are most 
commonly used to determine the forces and moments 
that occur on the joints during movement.[9,10] However, 
these devices can limit movement and hinder accurate 
measurement. 

The objective of this study was to create a joint-limb 
model for the kinematic and kinetic analyses of daily 
movements. To this end, a simulation model was devel-
oped and its effectiveness verified using data acquired 
from a live subject. An inverse dynamic method was used 
to analyze the model. This method indirectly determines 
forces and moments by making use of the kinematic and 
inertia attributes of moving objects.[11]

Materials and Methods
The volunteer study subject was a 26-year-old male 
with a mass of 70.2 kg and height of 174 cm and had 
no health problem that would hinder his ability to move. 
Information was given to the subject prior to the study 
and consent was given. The study was carried out at the 
Biomechanics Laboratory of School of Physical Educa-
tion and Sports, Sakarya University. 

Anthropometric properties of the subject were deter-
mined to carry out the kinematic and kinetic analyses 
using anthropometric models[12,13] and computer-aided 
design (CAD) software[14] (Table 1). The MATLAB® 

reference axis was taken into account when calculating 
the moment of inertia.[15]

The human body was represented by a joint-limb 
model with an open chain mechanical structure consist-
ing of six solid limbs; foot, leg, thigh, trunk, arm and 
forearm (Fig. 1). Since the limbs move in unison dur-
ing the examined movements, the joint-limb model was 
created by taking the half as reference with respect to 
the sagittal plane. Weights of the head and neck sections 
were added to the body. However, since these limbs are 
not displaced significantly during the examined move-
ments, they were not physically included in the model.

The joint-limb model and anthropometric properties 
of the subject were transferred to the MATLAB®[16] en-
vironment using SimMechanics™ software for dynamic 
analysis. The limbs were accepted as solid objects in the 
model, which was prepared as two-dimensional in the 
sagittal plane.[2,8] Joints with many degrees of freedom 
and a polycentric structure were modeled as having only 

Table 1.	 Anthropometric characteristics of the subject body parts.

Part	 Part length	 Mass		  Moment of inertia (g∙cm2)		  The centre of mass from
	 (cm)	 (kg)				    the proximal side (cm)

			   Ixx	 Iyy	 Izz

Foot	 24.33	 0.993	 7∙103	 30∙103	 33∙103	 12.16

Leg	 37.53	 3.185	 329∙103	 29∙103	 391∙103	 16.25

Thigh	 45.82	 6.850	 1157∙103	 224∙103	 1137∙103	 19.84

Trunk	 66.44	 23.53	 19744∙103	 9325∙103	 12736∙103	 32.88

Arm	 30.52	 1.965	 132∙103	 22∙103	 133∙103	 13.3

Forearm	 26.3	 1.123	 64.5∙103	 8.8∙103	 66.9∙103	 11.31
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Fig. 1.	 The link-segment model and the joint angles in the sagittal 
plane. [Color figure can be viewed in the online issue, which 
is available at www.aott.org.tr]
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one degree of freedom with the ability for extension-
flexion movements in the sagittal axis.[8] Figure 2 shows 
the block diagrams of the SimMechanics™ model for dy-
namic analysis.

 Reflecting markers were placed at the starting and 
ending points of the limbs, defined as the anatomic ex-
tremities that can be felt from the skin; the tip of the toe, 
the point where the fibula forms a joint with the talus, 
the top of the femur lateral condyle, the anterior superior 
iliac spine, the upper tip of the humerus, the elbow joint, 
and the ulnar styloid process. The subject was monitored 
using a single, digital video camera (50 frames per sec-
ond, resolution of 720x576 pixels). Position data were 
acquired in the MATLAB® environment using image 
processing techniques. Images were selected, the number 
of coordinates were specified and sensitivity to light in-

tensity was adjusted. The software perceives the position 
of the markers in the moving image and determines their 
coordinate values on each image frame before determin-
ing the image locations in order to establish their corre-
sponding data points. Acquired coordinate values were 
saved on a file and could be reused. A low-pass digital 
filter was applied to the data in order to eliminate noise.
[17] In addition, vertical ground reaction forces occurring 
during the movements were measured using a force plat-
form (Quattro Jump; Kistler Group, Winterthur, Swit-
zerland) with a data acquisition rate of 500 Hz.[8] Fig-
ure 3 shows the representative image of the movement 
analysis process prepared in the CAD software. 

Sitting down and standing up movements were per-
formed using a stool with no armrest and back support 
at a normal speed from heights of 20 cm and 40 cm.[18] 

Fig. 2.	 SimMechanics™ block diagram of the link-segment model. [Color figure can be viewed in the online issue, which is available at www.aott.org.tr]
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The crouch down and stand up movement were carried 
out with the body in a straight position standing on two 
feet by crouching down and returning to the same initial 
position. The step climbing movements were performed 
by stepping on high steps of 10 cm and 20 cm using the 
dominant foot. The angular displacement data of the 
joints acquired via movement analysis were used in the 
execution of the inverse dynamic model created in the 
SimMechanics™ software. 

Moment changes in the ankle, knee and hip joints 

were analyzed and the vertical ground reaction forces 
measured using the force platform were compared with 
the vertical ground reaction forces calculated via the 
MATLAB® software in order to test the accuracy of the 
established model.

Results
Ground reaction forces were in accordance with the 
measured ground reaction forces. Figure 4 shows the 
comparison of the vertical ground reaction forces during 
standing up from a height of 40 cm. Maximum vertical 
ground reaction force corresponded to approximately 
1.25 times the body weight. The reaction force decreased 
to below body weight after a certain section of the move-
ment was completed due to the reverse acceleration that 
occurs in the joints in order to bring the accelerating 
body to a static position at the end of the movement. 
The maximum value of the ground reaction force calcu-

Fig. 3.	 CAD presentation of the analysis process. 1: The subject; 2: Markers; 3: Force platform; 4: Light; 
5: Digital video camera; 6: Computer. [Color figure can be viewed in the online issue, which is 
available at www.aott.org.tr]

Table 2.	 The highest joint torques.

	 The highest joint torque (N∙m)

Movements	 Ankle	 Knee	 Hip

STS from 20 cm	 97.8	 111.4	 -68.2

STS from 40 cm	 133.6	 139.4	 -50.1

Crouch down-stand up	 -83.1	 97.8	 -81.3

Climbing stairs (10 cm)	 144.7	 139.6	 -42

Climbing stairs (20 cm)	 146	 157.2	 -29

Fig. 4.	 Comparison of the vertical ground reaction forces during sit-
to-stand from 40 cm height. t1: Time of the hip leaving from 
the chair; t2: Time of standing; F: Force; BW: Total body we-
ight. [Color figure can be viewed in the online issue, which is 
available at www.aott.org.tr]
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lated via simulation and the value measured via the force 
platform were very similar. The largest error of 7% in the 
calculation of the maximum ground reaction force oc-
curred for the standing up movement from 20 cm. 

Figure 5 shows the joint moments in the lower ex-
tremity joints during the sitting and standing up move-
ments from various heights calculated as a result of the 
simulation. 

Figure 6 shows the joint moments during the crouch 
down and stand up movements. 

Figure 7 shows the joint moments measured dur-
ing the movement of climbing up a stair from different 
heights.

Table 2 shows the largest joint moments during the 
examined movements. 

Discussion
In this study examining daily physical activity move-
ments via joint moments, the highest stress was found to 

occur on the knee joint. Stair climbing placed the great-
est stress on the knee joint and the moment on the joint 
increased as the height of the steps increased. 

In a study evaluating sitting down and standing up 
movements, Mak et.al.[19] also determined that the high-
est joint moment occurs in the knee joint. The moment 
on the joint increases with increasing sitting height 
(from 20 cm to 40 cm), which results in the movement 

Fig. 5.	 Joint torques of the sit-to-stand. (a) 20 cm sitting height, 
(b) 40 cm sitting height. [Color figure can be viewed in the 
online issue, which is available at www.aott.org.tr]
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Fig. 6.	 Joint torque of the crouch down-stand up movement. [Color 
figure can be viewed in the online issue, which is available at 
www.aott.org.tr]
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Fig. 7.	 Joint torques of the climbing stairs. (a) 10 cm stairs height, 
(b) 20 cm stairs height. [Color figure can be viewed in the 
online issue, which is available at www.aott.org.tr]
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of the body center of gravity away from the knee and 
ankle joints. This in turn increases the resulting joint 
moment. However, as more time passes when standing 
up from a sitting height of 20 cm until standing erect (in 
comparison with a sitting height of 40 cm), more energy 
is spent when standing up from a height of 20 cm. 

The lowest moments occur at the hip joint. The 
crouch down and stand up movement puts the greatest 
stress on the hip joint. Even though relatively smaller 
joint moments occur, the crouch down and stand up 
movement is the most tiring. When examining the graph 
taken of the crouch down and stand up movement, the 
longest change can be seen to occur during this move-
ment, requiring that more energy be spent when com-
pleting this movement. 

The most important limitation of this study was the 
examination of only one subject, as it should be taken 
into consideration that personal movements differ from 
person to person. Different results may be obtained 
when anthropometric differences are included as well. 
For example, the joint moment values given in Table 2 
are closely related with the weight and other anthropo-
metric properties of the subject. It is inevitable that dif-
ferent joint moments will be calculated for individuals 
with different anthropometric properties. A more com-
prehensive examination would be possible by increasing 
the number of samples.

In conclusion, joint moments can be calculated with-
out the use of devices placed on the body which hinder 
movement through the use of software developed for 
the analysis of mechanical systems. The moment data 
obtained may be beneficial for the design of prosthesis 
or orthosis designs for the lower extremity. In addition, 
force and moment data can be used to define the loading 
conditions of the structural analysis for bones. Thanks to 
the flexible structure of SimMechanics™ tools, the model 
can be easily changed to carry out different analyses (for 
example determination of the energy spent during move-
ments or the effects of weight increase on joint moments).
Acknowledgment: This study has been supported by the 
Sakarya University Scientific Studies Project Commis-
sion (Project no: 2012-50-01-006).

Conflics of Interest: No conflicts declared.

References
1.	 Oçgüder A, Gök H, Heycan C, Tecimel O, Tönük E, Boz-

kurt M. Effects of custom-made insole on gait pattern of 
patients with unilateral displaced intra-articular calcaneal 
fracture: evaluation with computerized gait analysis. Acta 
Orthop Traumatol Turc 2012;46:1-7. CrossRef

2.	 Jamshidi N, Rostami M, Najarian S, Menhaj MB, Saadat-
nia M, Firooz S. Modelling of human walking to optimise 
the function of ankle-foot orthosis in Guillan-Barré pa-
tients with drop foot. Singapore Med J 2009;50:412-7.

3.	 Mavrikios D, Karabatsou V, Alexopoulos K, Pappas M, 
Gogos P, Chryssolouris G. An approach to human motion 
analysis and modelling. Int J Ind Ergonom 2006;36:979-89.

4.	 Hubbard M, Hibbard RL, Yeadon MR, Komor A. A mul-
tisegment dynamic model of ski jumping. International 
Journal of Sport Biomechanics 1989;5:258-74.

5.	 Cavanagh PR, Lafortune MA. Ground reaction forces in 
distance running. J Biomech 1980;13:397-406. CrossRef

6.	 Daumas B, Xu WL, Bronlund J. Jaw mechanism modelling 
and simulation. Mech Machine Theor 2005;40:821-33.

7.	 Winder SB, Esposito JM. Modeling and control of an upper-
body exoskeleton. 40th Southeastern Symposium on System 
Theory; 2008 March 16-18; New Orleans, USA. p. 263-8.

8.	 Winter DA. Biomechanics and Motor Control of Human 
Movement. 2nd edition. Canada: John Wiley & Sons; 1990.

9.	 Deighan MA, Nevill AM, Maffulli N, Cheng JC, Gleeson 
N. Evaluation of knee peak torque in athletic and seden-
tary children. [Article in Turkish] Acta Orthop Traumatol 
Turc 2009;43:484-90. CrossRef

10.	Vaughan CL, Davis BL, O’Connor JC. Dynamics of Human 
Gait. 2nd edition. Cape Town: Kiboho Publishers; 1999.

11.	Silva MP, Ambrósio JA. Kinematic data consistency in the 
inverse dynamic analysis of biomechanical systems. Multi-
body Sys Dyn 2002;8:219-39. CrossRef

12.	Chandler RF, Clauser CE, McConville JT, Reynolds HM, 
Young JW. Investigation of Inertial Properties of The Hu-
man Body. Washington, D.C: Aerospace Medical Research 
Laboratory; 1975. p. 1-162.

13.	Robertson DG, Caldwell GE, Hamill J, Kamen G, Whit-
tlesey SN. Research Methods in Biomechanics. USA: Hu-
man Kinetics; 2004.

14.	Solidworks. Vélizy-Villacoublay, France: Dassault Sys-
tèmes; 2010.

15.	SimMechanics™ User’s Guide. Natick, MA, USA: The 
MathWorks Inc.; 2008.

16.	MATLAB® 7.6.0. Natick, MA, USA: The MathWorks 
Inc.; 2008.

17.	Gourgoulis V, Aggeloussis N, Kalivas V, Antoniou P, Ma-
vromatis G. Snatch lift kinematics and bar energetics in 
male adolescent and adult weightlifters. J Sports Med Phys 
Fitness 2004;44:126-31.

18.	Janssen WG, Bussmann HB, Stam HJ. Determinants 
of the sit-to-stand movement: a review. Phys Ther 
2002;82:866-79.

19.	Mak MK, Levin O, Mizrahi J, Hui-Chan CW. Joint 
torques during sit-to-stand in healthy subjects and people 
with Parkinson’s disease. Clin Biomech (Bristol, Avon) 
2003;18:197-206. CrossRef

http://dx.doi.org/10.3944/AOTT.2012.2401
http://dx.doi.org/10.1016/j.ergon.2006.08.001
http://dx.doi.org/10.1016/0021-9290(80)90033-0
http://dx.doi.org/10.1016/j.mechmachtheory.2004.12.011
http://dx.doi.org/10.1109/SSST.2008.4480234
http://dx.doi.org/10.3944/AOTT.2009.484
http://dx.doi.org/10.1023/A:1019545530737
http://dx.doi.org/10.1016/S0268-0033(02)00191-2

