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Abstract. It is not possible to directly measure the reaction forces and moments acting on the joints in the

living things without damaging the integrity of the body. L5/S1 joint in the human body have a higher damage

potential than other joints. In this study, it is aimed to develop a method that can calculate the net reaction forces

and moments acting on the L5/S1 and upper extremity joints by using only kinematic measurement inputs,

without the need for force measurement from the points where the feet contact the ground. For this purpose, 3D

biomechanical model suitable for human anatomy was created. Kinematic analyzes were performed using the

Denavit–Hartenberg (DH) method. Iterative Newton–Euler (NE) method was used for inverse dynamic calcu-

lations. The kinematic measurement inputs of joint movements were obtained by the subject in an experimental

study involving the lifting task a certain load from the ground and lowering it to a high place. The model was

verified by comparing the results obtained using the proposed method with each other and with the literature

data.

Keywords. 3D biomechanical modelling; wearable sensors; inertial measurement unit (IMU); manual

material handling; lifting tasks.

1. Introduction

One of the most important features that distinguish living

things from inanimate object is ability to move, which takes

place depending onmechanical principles. Many studies have

been made and continue to be done on the movement analysis

andmodeling of themusculoskeletal systemof the living body

[1–11]. Today, researchers are active in many areas where

human motion analysis is at the forefront, especially the

development of interactive video games, computer-aided film

production, interactive education systems and virtual reality

applications [12–14]. In many of these areas, only kinematic

analysis is sufficient to realistically create movements. How-

ever, dynamic analysis is needed in addition to kinematic

analysis in areas such as ergonomics, sportive activity analysis

and detection of movement disorders in humans.

It is very difficult to develop models that fully charac-

terize the physical activities of living things. In particular,

how realistically human postures and movements are

depicted is an important aspect of biomechanical

modelling. Biomechanical studies can be divided into three

parts, respectively, from the early period to the present:

static analysis, 2D dynamic analysis in the sagittal plane,

and 3D dynamic analysis. In the early generation biome-

chanics studies, static analyses were made by generally

evaluating the human body as if it was motionless [15, 16].

In second generation biomechanical models, motion is

examined in two-dimensions over its projection on the

sagittal plane [17–20]. Thanks to the developed computer

software and motion measurement systems, the examina-

tion and analysis of human motion in third generation

biomechanics studies has been generalized by moving to

the third dimension [21–28].

Due to the flexibility of the joint structures of humans, like

many living things, their joints can be damaged temporarily

or permanently as a result of excessive strain. For this reason,

it is very important to know in which movements and at what

level the joints are forced. However, in today’s conditions, it

is not possible to directly measure the reaction forces and

moments affecting the joints between the limbs in the human

skeletal systemwithout disturbing the integrity of the body. It

is possible to calculate net reaction forces andmoments using

position, velocity and acceleration data that can be measured*For correspondence
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on the limbs. The calculated net reaction forces are among the

components of the reaction force acting on the joint. Joint

movements are provided by muscles that work continuously

in the draw direction and have a substantially smaller

moment arm. Therefore, the forces exerted by themuscles are

usually considerably larger than the net reaction forces. The

contribution of the net reaction forces to the compression and

shear forces acting on the joint is quite small compared to the

muscle forces. The reaction moment is the most important

parameter to verify, as the net reaction moment describes

exactly what level of muscle force is needed to perform a

movement [25].

Various institutions, agencies, universities and research

centers in many countries have determined that muscu-

loskeletal disorders have the highest ratio with 38.2% among

physical diseases causedbymanualmaterial handling [29, 30].

According to a similar study, it was determined that 34% of

musculoskeletal disorders were caused by manual material

lifting. It has been determined that 6% of the musculoskeletal

disorders caused by manual material lifting actions occur in

the arms and shoulders, 8% in the wrists and ankles and knee

joints, 10% in the finger joints and 21% in the back region [31].

In the human body, theL5/S1 joint,which connects the lumbar

spine to the sacral spine, is the joint with the highest damage

potential. A better understanding of the risk factors for this

joint can provide important information about the prevention

and management of this condition.

In such a study, 3DSSPP (3D Static Strength Estimation

Program), one of the rigid body musculoskeletal modeling

tools that can be used to determine the net reaction forces

and moments in joints, can only perform static analysis

without considering inertia effects [32]. Other alternative

software, OpenSim [33] and AnyBody [34], can perform

dynamic analysis in a wide range of areas from gait anal-

ysis to muscle activities. These software, which also take

into account muscle activities in kinetic analysis, can also

be used to estimate reaction forces in joints. In addition, by

measuring the boundary conditions using a force platform

from the points where the participants are in contact with

the fixed ground and optimization approaches, these soft-

ware can perform general analysis for all joints, including

the joints of the lower extremities.

In human skeleton models used in previous studies [35]

and in package programs for calculating the net reaction

forces and moments in joints (3DSSPP, OpenSim, Any-

Body, etc.), the reference frame is usually positioned on the

L5/S1 joint or pelvis [33, 34, 36]. In this case, in order to

calculate the net reaction forces and moments in the L5/S1

joint with the methods using only the angular change data

in the joints as input, it is necessary to calculate the net

reaction forces and moments of each limb, respectively,

starting from the most extreme limbs such as the head,

hands and feet. Since the feet are in contact with the fixed

ground, it is necessary to measure the reaction force from

the ground as a boundary condition in the dynamic analysis

starting from the feet.

In a study using two different kinematic measurements

(optical motion capture (OMC) and wearable inertial

motion capture system (IMC)) and two different force

measurements (force plates (FPs) and instrumented force

shoes (FSs)) [37], the net reaction moment at the L5/S1

joint during manual lifting was estimated with four differ-

ent computational models. In another study [25] proposed a

3D calculation method that can be used to calculate the net

reaction forces and moments that occur in the joints as a

result of asymmetric movements. Using data obtained from

a 3-D automatic video-based motion recording system and

a force platform, the two calculation methods were com-

pared on the net reaction moments at the L5/S1 joint [25].

In a study [38], where 3D forces and moments were mea-

sured externally on hands of participants to estimate L5/S1

joint moments during various manual lifting tasks, maxi-

mum L5/S1 net reaction moments were obtained by

applying an interpolation method combined with a 3D

biomechanical model. In a study [39], in which whole body

kinematic measurements and force measurement data from

their feet were used during manual load lifting, the force

effects on the hands of participants were calculated.

This study presents an approach that aims to estimate the net

reaction forces and moments acting on the L5/S1 and upper

extremity joints by using only kinematic measurement inputs,

without the need for force measurement from the points where

the feet contact the ground. It is thought that this method, which

can be applied systematically for these purposes,will contribute

to the literature. In the application where the proposed model

will be used, if an action is to be performed that will cause the

feet to lose contact with the ground (such as load carrying), the

acceleration of the reference frame should bemeasured relative

to a newly created fixed reference frame and applied as a

boundary condition input to the kinematic equations. In the case

where the boundary condition is determined with acceleration

measurement data, this method can be applied without the need

for force platform data for all activities using L5/S1 and other

methods [21–28] where the net reaction forces and moments at

the upper limb joints can be calculated.

2. Material and methods

Ethics committee approval for the acquisition of the data used

in this study was obtained from the Ataturk University, Fac-

ulty of Medicine Clinical Research Ethics Committee with the

decision dated 02/15/2018 and numbered 44 of the 2nd

meeting. The subject was informed about the experiment to be

conducted and the ‘‘Voluntary Consent Form’’ was signed.

2.1 Kinematic model

The human body skeletal system is a structure where

individual bones are connected to each other through joints.

These joints differ in shape, function and form. The skeletal
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system of the human body can be considered as a three-

dimensional mechanical system in which kinematic con-

straints due to joint movements are taken into account. By

adding each bone and joint to the model, it may be possible

to model the skeletal system in the best way whichever part

of the body is focused on in biomechanical studies, the

joints in that area are examined in more detail. For exam-

ple, in studies on the human spine [27], each vertebra joint

is modeled separately and special measurement methods

are used. However, in biomechanical studies on the whole

body [28, 40], if each bone and joint is represented in the

model, the complexity will increase and it is often not

possible to accurately determine the movement of each

joint from a limited number of measurements. Therefore,

when constructing a kinematic model for the skeletal sys-

tem, it is more appropriate to represent joints (such as those

of the vertebral column) with a limited range of motion in

the nearest virtual joint within the model. In this study, all

of the joint movements between the C1 and C7 vertebrae

are represented in the C4/C5 joint. Similarly, all of the joint

movements between the T1 and S1 vertebrae are repre-

sented in the L5/S1 joint. The present study defines a 3D

model, comprised by 15 rigid bodies connected by 14

joints, with a total of 38 degrees of freedom (dof), as shown

in figure 1.

The Denavit-Hartenberg (DH) method [41] can be used

for kinematic modeling of human movements. This method

allows the systematic creation of the translation and rota-

tion relationship between the coordinate axes fixed on the

two limbs that are hinged to each other [42]. This sys-

tematic approach, which was originally created to reveal

the motion relationship between successive limbs in the

kinematic chain, has gained popularity especially with its

use in serial robot manipulators. The DH method can be

used to create a kinematic model of the human skeletal

system [43–45]. In the DH method, the frames on a joint

between neighbor limbs is created according to a procedure

that considers certain constraints [42]. The 49 frames on the

kinematic model shown in figure 1 were created by taking

this procedure into account. The degree of freedom of each

joint was determined in accordance with the anatomical

structure of the joint and information about joint move-

ments and frames are given in table 1. In the DH method

used in this study to establish kinematic relationships

between joints, rotational motion between consecutive

frames can only be defined in the z-axis. The z-axis of 38 of

the frames are directly related to the freedoms of the

physical joints. However, in the DH method, where the

rotational freedoms of the physical joints are represented by

the z-axis of the frames, it is not always possible to directly

define the kinematic constraints [42] between consecutive

cFigure 1. Three-dimensional biomechanical human model (an-

kles (3 dof), knees (3 dof), hips (3 dof), L5/S1 (3 dof), shoulders (3

dof), elbows (2 dof), wrists (2 dof) ve C4/C5 (3 dof)).
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Table 1. DH table of the three-dimensional biomechanical model.

Joints i
ai�1

Rxðzi�1 ! zi : xi�1Þ
ai�1

Dxðzi�1 ! zi : xi�1Þ
hi

Rz xi�1 ! xi : zið Þ
di

Dz xi�1 ! xi : zið Þ

Right leg
Ankle 1 0 0 h1 �l1

2 �p=2 0 h2 � p=2 0

3 �p=2 0 h3 � p=2 0

Knee 4 �p=2 l3 h4 � p=2 0

5 �p=2 0 h5 � p=2 0

6 �p=2 0 h6 � p=2 0

Hip 7 �p=2 l6 h7 � p=2 0

8 �p=2 0 h8 � p=2 0

9 �p=2 0 h9 � p=2 0

Auxiliary frame 10 0 0 p l10
Left leg
Hip 11 0 0 h11 � p=2 l11

12 p=2 0 h12 þ p=2 0

13 p=2 0 h13 þ p=2 0

Knee 14 p=2 �l13 h14 þ p=2 0

15 p=2 0 h15 þ p=2 0

16 p=2 0 h16 þ p=2 0

Ankle 17 p=2 �l16 h17 þ p/2 0

18 p=2 0 h18 þ p=2 0

19 p=2 0 h19 þ p=2 0

Foot 20 0 0 �p=2 l20
Torso
L5/S1 21 0 �l21 h21 � p=2 0

22 p=2 0 h22 þ p/2 0

23 p=2 0 h23 þ p=2 0

Auxiliary frame 24 p=2 l23 p 0

Right arm
Shoulder 25 0 0 h25 � p=2 �l25

26 p=2 0 h26 þ p=2 0

27 p=2 0 h27 þ p=2 0

Elbow 28 p=2 �l27 h28 þ p=2 0

29 p=2 0 p=2 0

30 p=2 0 p=2 0

Wrist 31 p=2 �l30 h31 þ p=2 0

32 p=2 0 h32 þ p/2 0

33 p=2 0 h33 þ p=2 0

Hand 34 0 �l33 0 0

Left arm
Shoulder 35 0 0 h35 � p=2 l35

36 p=2 0 h36 þ p=2 0

37 p=2 0 h37 þ p=2 0

Elbow 38 p=2 �l37 h38 þ p=2 0

39 p=2 0 p=2 0

40 p=2 0 p=2 0

Wrist 41 p=2 �l40 h41 þ p=2 0

42 p=2 0 h42 þ p/2 0

43 p=2 0 h43 þ p=2 0

Hand 44 0 �l43 0 0

Head
Neck (C4/C5) 45 0 �l44 h45 � p=2 0

46 p=2 0 h46 þ p=2 0

47 p=2 0 h47 þ p=2 0

Head 48 0 l47 0 0
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frames. In such cases, auxiliary frames can be used between

two consecutive physical joints in order to accurately define

the kinematic relationships between them. In the model

proposed in this study, the frames {10, 24, 29, 30, 39, 40}

are the auxiliary frames used for this purpose. The frames

{0, 20, 34, 44, 48} shown in figure 1 are used to indicate the

end limbs as right foot, left foot, right hand, left hand and

head respectively. Detailed descriptions of the kinematic

dimensions of the limbs are given in table 2.

The homogeneous transformation matrix contains rotation

and translation data between two frames, one of which is the

reference frame. Homogeneous transformation matrix defined

between reference frame i� 1f g and moving frame if g,

i�1
i T ¼

i�1
i R i�1Pi

0 1

� �
ð1Þ

Here i
i�1R denotes the rotation matrix (393), while i�1Pi

denotes the translation vector (391). In order to obtain the

homogeneous transformationmatrix i
i�1Twith theDHmethod,

amotion set consisting of two rotationsRx ai�1ð Þ andRzðhiÞ and
two translationsDx ai�1ð Þ andDz dið Þ is used in a certain order.
In this study, the transformation matrix was obtained as,

i�1
i T ¼ Rx ai�1ð ÞDx ai�1ð ÞRz hið ÞDz dið Þ ð2Þ

In this case, the homogeneous transformation matrix,

i�1
i T ¼

cos hi � sin hi 0 ai�1

sin hi cos ai�1 cos hi cos ai�1 � sin ai�1 �di sin ai�1
sin hi sin ai�1 cos hi sin ai�1 cos ai�1 di cos ai�1

0 0 0 1

2
6664

3
7775

ð3Þ

Although the DH table method was created for series-

connected mechanisms, the human body skeletal system is

in a parallel mechanism structure. However, it is possible to

express the human skeletal system as a combination of

several series of mechanisms. In this context, in the DH

table created for the proposed model with 38 DOF, the right

foot is taken as a reference point with frame {0}. From the

reference frame, serial mechanisms can be created with the

sequence of frames {0-10, 21-34} up to the right hand, {0-

10, 21-24, 35-44} up to the left hand, {0-10, 21-24, 45-48}

up to the head and {0-20} up to the left foot. In line with

this information, the DH table given in table 1 was created

by considering the kinematic relations between the coor-

dinate systems given in figure 1. Using the DH table and

Eq. (3), homogeneous transformation matrices between

successive joints can be created. The transformation matrix

between each joint of the model is defined sequentially by

using local frame. The position and rotation values of the

desired joint can be calculated by multiplying these

matrices with each other according to the outward kine-

matic solution method.

2.2 Dynamics model

In this study, the net reaction force and moment values on

the limbs and joints of the body were calculated according

to the iterative Newton–Euler method. In this study, the net

reaction force and moment values on the limbs and joints of

the body were calculated according to the iterative Newton-

Euler method, known as the inverse dynamics approach.

This approach allows the indirect calculation of the reaction

forces and moments by utilizing the kinematics and inertia

properties of bodies in motion. The Newton-Euler method

is frequently used in biomechanical calculations because it

allows the estimation of the net reaction forces and

moments in each joint [25, 46].

In the inverse dynamic approach, first of all, the angular

velocity and acceleration of each limb and the linear

acceleration of the limb center of mass should be calcu-

lated. For this, the speed and acceleration values for each

limb are calculated instantly by following the sequence

from the reference frame set to the farthest frame [42],

iþ1xiþ1 ¼ iþ1
i R ixi þ _hiþ1

iþ1Ẑiþ1 ð4Þ

iþ1 _xiþ1 ¼ iþ1
i R i _xi þ iþ1

i Rixi � _hiþ1
iþ1Ẑiþ1 þ €hiþ1

iþ1Ẑiþ1

ð5Þ

iþ1 _viþ1 ¼ iþ1
i R i _xi � iPiþ1 þ ixi � ixi � iPiþ1

� �
þ i _vi

� �
ð6Þ

iþ1 _vciþ1 ¼ iþ1 _xiþ1 � iþ1PCiþ1 þ iþ1xiþ1
� iþ1xiþ1 � iþ1PCiþ1

� �
þ iþ1 _viþ1 ð7Þ

Here vectors ixi ,
i _xi and

i _vi represent the projections of the
angular velocity, angular acceleration and linear accelera-

tion vectors of the frame number fig on the frame num-

bered fig. The vector iþ1 _vciþ1 expresses the projection of the
linear acceleration of the center of mass of the limb con-

taining the frame numbered iþ 1f g on the frame numbered

iþ 1f g. The vector iþ1PCiþ1 represents the position vector

of the center of mass of the member containing the frame

iþ 1f g with respect to the frame fiþ 1g. The i
iþ1R matrix

represents the rotation matrix of the frame fig with respect

to the frame iþ 1f g. The iþ1bZiþ1 vector is used to represent
the active rotation hiþ1 axis of the frame iþ 1f g. In this

study, since the DH tables method is used for kinematic

analysis, the frames are designed in such a way that active

rotations take place in the z axis. Therefore, iþ1bZiþ1 ¼
0 0 1½ �T is used. Variables _hiþ1 and €hiþ1 are used to

express the angular velocity and angular accelerations of

the active rotation axis of the frame iþ 1f g, respectively.
If the MRF _vMRF linner acceleration of the right foot where

frame {0} is located can be measured or derived from the

motion capture data, the 0 _v0 acceleration, which is the

initial boundary condition input of Equation (6), can be

calculated using the MRF
0R rotation matrix between the
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reference frame where the acceleration is measured and

frame {0},

0 _v0 ¼ 0
MRFR

MRF _vMRF ð8Þ

Limbs of living things are not rigid objects, and mass and

moments of inertia can change over time depending on

whether the muscles on them are free or contracted. In this

case, in order to obtain the expressions of inertia force
iþ1Fiþ1 and moment iþ1Niþ1 acting on each limb, the

Newton-Euler equations are,

iþ1Fiþ1 ¼ miþ1
iþ1 _vCiþ1 þ

dmiþ1
dt

iþ1vCiþ1 ð9Þ

iþ1Niþ1 ¼ Ciþ1Iiþ1
iþ1 _xCiþ1 þ iþ1xiþ1 � Ciþ1Iiþ1

iþ1xiþ1

þ dCiþ1Iiþ1
dt

iþ1xiþ1

ð10Þ

can be written as. Here, the variable miþ1 represents the

mass of the limb containing the frame iþ 1f g. The matrix
Ciþ1Iiþ1 represents the moment of inertia matrix of the limb

containing the frame iþ 1f g with respect to the center of

mass. However, although the mass and mass moments of

inertia of living limbs are variable, this change is quite

small and its effects on the total force are negligible since

living limbs cannot move at very high speeds. In this

context, there will be no harm in treating living limbs as

rigid bodies. In this case, Eqs. (9,10) can be rewritten

assuming that the limb mass and mass moment of inertia do

not change with time [42],

iþ1Fiþ1 ¼ miþ1
iþ1 _vCiþ1 ð11Þ

iþ1Niþ1 ¼ Ciþ1Iiþ1
iþ1 _xCiþ1 þ iþ1xiþ1 � Ciþ1Iiþ1

iþ1xiþ1

ð12Þ

For the inverse dynamic calculation, Equations (4)–(7)

and (11), (12) are iteratively solved outward for each frame.

In the outward iterations, these equations are respectively,

starting from the frame {0} located at the right foot; It is

operated with {0-10} frame sets to pelvis, {10, 11-20}

frame sets to left foot, {10, 21-24} frame sets to neck, {24,

25-34} frame sets to right hand, {24, 35-44} frame sets to

left hand and {24, 45-48} frame sets to head. In this way,

the inertia forces and moments belonging to the limbs are

obtained.

In order to calculate the net reaction force and moment

values acting on the joints, an inward iterative calculation

should be made for each limb by following the sequence

starting from the farthest frame to the base frame. By using

the forces and moments of inertia, the net reaction force if i
and moment ini values acting on the joints can be calcu-

lated [42],

if i ¼ iFi þ i
iþ1R

iþ1f iþ1 ð13Þ

ini ¼ iNi þ iPCi
� iFi þ i

iþ1R
iþ1niþ1 þ iPiþ1 � i

iþ1R
iþ1f iþ1

ð14Þ

As can be seen in the kinematic diagram of the human

skeleton given in figure 1, there are multiple endpoints in the

frame {20, 34, 44, 48} in the proposed model. Equations (13),

(14) are used for inward iterative calculation in inverse

dynamic analysis. These equations are run iteratively inward

on the frames of model, {34-25} for the right arm, {44-35} for

the left arm and {48-45} for the head, respectively. The net

reaction force and moment effects from the right arm, left arm

and head are combined in the frame {24},

24f 24 ¼ 24F24 þ 24
25R

25f 25 þ 24
35R

35f 35 þ 24
45R

45f 45 ð15Þ

24n24 ¼ 24N24 þ 24PC24
� 24F24 þ 24

24R
25n25

þ 24P25 � 24
25R

25f 25

þ 24
35R

35n35 þ 24P35 � 24
35R

35f 35 þ 24
45R

45n45

þ 24P45 � 24
45R

45f 45

ð16Þ

Then again, using Eqs. (13), (14), the net reaction forces

and moments are calculated from the frame {24} to the

frame {21}. Thus, the net reaction force and moment values

belonging to the L5/S1 joint of the body are obtained

according to the frame {21}.

In order to make the proposed method in this paper more

understandable, the iteration steps are presented as outward

and inward. In outward iterations, iref is the index of the

initial condition of the first element of the operations to be

performed for Eqs. (4)–(7), (11), (12) in the corresponding

row. Auxiliary frames {10} and {24} are also used for these

purposes in the iteration process.

Outward iterations

i
i�1T  Equation ð3Þ for i : 1! 48

i
i�1R; i�1Pi  Equation ð1Þ fori : 1! 48
0 _v0  Equation ð8Þ
iFi;

iNi  Equations ð4� 7,11,12Þ for iref ¼ 0&i : 1! 10
iFi;

iNi  Equations ð4� 7,11,12Þ for iref ¼ 10&i : 11! 20
iFi;

iNi  Equations ð4� 7,11,12Þ foriref ¼ 10&i : 21! 24
iFi;

iNi  Equations ð4� 7,11,12Þ foriref ¼ 24&i : 25! 34
iFi;

iNi  Equations ð4� 7,11,12Þ foriref ¼ 24&i : 35! 44
iFi;

iNi  Equations ð4� 7,11,12Þ foriref ¼ 24&i : 45! 48

Inward iterations

if i;
ini  Equationsð13,14Þ for i : 47! 45

if i;
ini  Equations ð13,14Þ for i : 43! 35

if i;
ini  Equations ð13,14Þ for i : 33! 25

24f 24;
24n24  Equations ð15,16Þ

if i;
ini  Equations ð13,14Þ for i : 23! 21
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2.3 Instrumentation

In the biomechanics of human movement, measuring

kinematic data forms the basis of other kinematic and

kinetic analyzes. Many techniques have been used to col-

lect kinematic data in the literature. Among these tech-

niques that are frequently used in research studies are

optoelectronic techniques [9, 25, 46–48], depth sensors and

wearable inertial measurement units (IMU) [49–52]. Since

optical motion capture systems are not mobile, their use in

very narrow or very large spaces is very limited. IMUs

allow experimental work in almost any environment and

condition thanks to their positioning directly on the person.

In this study, wearable IMUs were used to measure joint

movements. The IMU is a combined unit that does not

measure angular position directly, but includes a 3-axes

accelerometer, 3-axes gyroscope and 3-axes magnetometer.

Using measurement data from an IMU, it is possible to

calculate angular position relative to gravity and magnetic

field of the earth reference. By systematically placing more

than one IMU on the human body in a certain order, it is

possible to calculate the angular positions of certain joints

from the data obtained. In this study, STT-IWS (Inertial

Wireless Systems) wearable IMUs named by the manu-

facturer STT Systems with its own name were used. The

raw data collected from the IMUs throughout the move-

ment were converted into the angular position data of the

joints through the iSenV2020.0 program of the STT

Systems.

During the experiments, 16 IMUs (feet (2), lower legs

(2), upper legs (2), waist (1), hands (2), lower arms (2),

upper arms (2), chest (1), thoracic vertebrae T3 (1) and

head (1)) are attached to limbs of subject in a certain order,

as seen in figure 2.

2.4 Data pre-processing

Movement data of the participants were collected with a

sampling frequency of 100 Hz. From studies on parameter

selection for the low-pass Butterworth filter used in

biomechanical studies [28, 53], the optimum cut-off fre-

quency corresponding to a sampling frequency of 100 Hz is

calculated as 6.8 Hz. Cut-off frequency derived from the

residual analysis of the optimum cut-off frequency is

approximately 5 Hz [53]. This determined cut-off fre-

quency is a recommendation and can be used higher or

lower depending on the characteristics of the application.

Select a high value of the cut-off frequency will provide a

high match between the filtered data and the measured raw

data. If a low value of the cut-off frequency is selected, a

poor match is observed. However, it should be noted that by

selecting a high cut-off frequency will not eliminate low-

frequency noise from the raw data [54]. If low-frequency

noise is not sufficiently filtered, taking the first and espe-

cially the second time derivatives of the filtered data poses

challenges [28]. In this study, angular position data was

obtained from IMUs. Throughout the movements of sub-

jects, the muscles in the areas where the IMUs are posi-

tioned are constantly contracting and relaxing. These

contractions and relaxations cause unwanted noise at low

frequencies in the raw position data. In this study, angular

velocity and acceleration values of the joints were calcu-

lated using the forward direction numerical derivative

technique from the angular position change data. Angular

velocity and acceleration data calculated with the forward

direction numerical derivative method are very sensitive to

small measurement errors in the angular position. In order

to avoid low-frequency noise as much as possible, the cut-

off frequency of the sixth-order low-pass Butterworth filter

Figure 2. The experimental setup.
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used to filter the angular position data was determined as

2.5 Hz, in line with reference studies [28, 46]. Angular

position data of all joints were filtered using a low-pass

Butterworth filter.

2.5 Anthropometric measurements

In order to calculate the net reaction forces and moments

with the proposed method, first of all, raw data of the

variation of joint angles hi with time are needed. In addi-

tion, the kinematic dimensions li of the musculoskeletal

system of the subject, the masses mi of the body parts and

the mass moment of inertia matrices CiIi according to the

centers of mass are needed. The anthropometric data pre-

sented as an example in this section refer to a 36-year-old

male participant, 169 cm tall and 84 kg.

Anthropometric studies are carried out in order to

determine the length and mass of the limbs, the position of

the center of mass and the mass moment of inertia of each

limb. In this study, the kinematic dimensions of the sub-

ject’s body parts (table 2) were determined using the

methods in the US Air Force Research Laboratory Reports

[55].

In determining the masses of the body parts of the sub-

ject, the method based on the assumption of the ratio of

body part masses to the total body mass given by Gillette

was used [56]. With this method, the body parts masses of

the subject are presented in table 3. The load mL to be lifted

is modeled by adding equal masses to both hands masses

from the moment it does not touch the ground until it is

lowered onto the platform.

In case of motion in free space, the mass moment of

inertia of an object that is not perfectly symmetrical will

have different values in different directions. In this case, the

matrix moment of inertia relative to the center of mass of

limb i can be expressed as CiIi,

CiIi ¼
Ixx Ixy Ixz
Iyx Iyy Iyz
Izx Izy Izz

2
4

3
5
i

ð17Þ

Here Ixx; Iyy and Izz represent the mass moments of

inertia in the principal axes of inertia. Other terms,

Ixy; Iyx; Ixz; Izx; Iyz and Izy are called the mass products of

inertia. It is possible to calculate the mass moments of

inertia needed for the biomechanical model by considering

the body parts as simplified geometries. In this study, the

Table 2. Kinematic measurements of body parts.

Kinematic dimensions Parameter Length (cm)

Distance from center of heel to big toe l1;l20 24

Distance between ankle joint and knee joint l3; l16 34

Distance between knee joint and hip joint l6;l13 44

Distance between hip joints l10 þ l11 28

Vertical distance from hip joint to L5/S1 joint l21 16

Vertical distance between L5/S1 joint and shoulder joint l23 49

Distance between shoulder joints l25 þ l35 38

Distance between shoulder joint and elbow joint l27;l37 30

Distance between elbow joint and wrist joint l30;l40 25

Distance between palm and wrist joint l33;l43 10

Vertical distance from shoulder to C4/C5 l44 10

Vertical distance between C1 and C4/C5 l47 8

Table 3. The calculated limb mass/body mass ratio of the subject.

Limb Symbol Limb mass/body mass (%) Subject mass (kg)

Foot m1;m20 1.47 1.18

Calf m3;m16 4.10 3.28

Thigh m6;m13 14.00 11.20

Torso m23 44.00 35.20

Upper arm m27;m37 2.70 2.16

Forearm m30;m40 1.51 1.21

Hand m33;m43 0.62 0.50

Head m47 7.20 5.76
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mass moment of inertia values was calculated with the

formulations of a reference study [56] using anthropometric

data measured on the subject. The mass moment of inertia

values calculated for the body parts of the subject are given

in table 4.

2.6 Experimental procedures

Manual material lifting requires complex movements of the

musculoskeletal system. For this reason, the analysis of

load-lifting action is a very good exemplary application to

calculate the net reaction forces and moments that occur in

the joints during the movement of the musculoskeletal

system. In this study, it is planned to establish an experi-

mental task in parallel with the reference studies

[25, 37, 38] in the experimental validation of the proposed

model. The characteristics of the participants in this and the

reference studies are given in table 5.

In the reference study [37], a 10 kg load was lifted from

the ground in different styles and placed on the ground at

different distances horizontally. In this context, the subjects

were made to perform movements in four different

combinations,

1. Free-style lift from a low vertical and a close horizontal

position (free-low-close)

2. Free-style lift from a low vertical and a far horizontal

position (free-low-far)

3. Asymmetric lift from a low vertical and a close

horizontal position (asy-low-close)

4. Free-style from a high vertical and a close horizontal

position (free-high-close)

In this study, in parallel with the reference studies

[25, 37–39], experimental tasks were established in which

the participants would perform lifting a 10 kg load from the

ground and relasing it at different horizontal distances in

four different styles. These tasks,

1. Lifting the load by squatting from the ground and

lowering it symmetrically on the platform at close

(squat-symmetric-close).

2. Lifting the load by stoop from the ground and lowering it

symmetrically on the platform at far (stoop-symmetric-

far).

3. Lifting the load by squatting from the ground and

lowering it asymmetrically on the platform at close

(squat-asymmetric-close).

4. Lifting the load by stoop from the ground and lowering it

asymmetrically on the platform at close (stoop-asym-

metric-close).

In the first experimental task, the subject was asked to

initially stand in the ready position, then respectively

squatting, lift the load, straightening with the load, lowering

the load to the determined point on the platform, and finally

come to the starting position. A similar process was fol-

lowed in other experimental tasks. Before the experiment,

the subject was given training on the movement to be made.

In a reference study [39], the subject approaches the load

by walking, lifts the load of 10 kg in a vertical direction by

Table 4. Mass moments of inertia of limbs relative to their centers of mass.

Limb Symbol Mass moments of inertia of limbs (kg.m2)

Torso C23I23 Ixx ¼ 0:843; Iyy ¼ 0:080 ; Izz ¼ 0:833

Upper arm C27I27;
C37I37 Ixx ¼ 0:0062; Iyy ¼ 0:0173 ; Izz ¼ 0:0165

Forearm C30I30;
C40I40 Ixx ¼ 0:00129; Iyy ¼ 0:00951 ; Izz ¼ 0:00881

Head C47I47 Ixx ¼ 0:0225; Iyy ¼ 0:0174 ; Izz ¼ 0:0205

All Ixy ¼ Iyx ¼ Ixz ¼ Izx ¼ Iyz ¼ Izy ¼ 0

Table 5. Characteristics of participants (mean ± SD).

Participants Age (years) Weight (kg) Height (cm)

This study 7 female and 7 male 25.5 ± 5 68 ± 16 170 ± 11

Reference study [37] 8 female and 8 male 32.0 ± 10 69 ± 12 171 ± 9

Reference study [38] 11 male 24.5 ± 4.7 72 ± 9.1 183.3 ± 4.8

Reference study [25] 7 male 31.0 ± 16.9 76.4 ± 5 177 ± 4
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crouching and carries the load. The forces acting on the

hands of the subject during these movements were calcu-

lated using different methods. The results obtained in the

reference study [39] are presented according to the direc-

tions in the global frame. In order to make a meaningful

comparison, in this study, the total force on the hands

according to the global frame is recalculated from the force

results obtained according to the local references for the

right hand frame {34} and for the left hand frame {44},

0f hands ¼ 0
34R

34f 34 þ 0
44R

44f 44 ð18Þ

During these experiments, a metronome was used to

ensure that the movements started at approximately the

same time.

3. Results and discussion

3.1 Joint angles

The angular position changes occurring in the ankle, knee,

hip joint, L5/S1, neck, shoulder, elbow and wrist joints of

the participant, which are presented as examples in the

anthropometric measurements section, are shown as a

position-time graph in figures 3, 4 and 5. The results given

in figures 3, 4, 5, 6 and 7 were obtained for the squat-

symmetric-closed experimental task.

The results of the simulations performed using location

data are shown in the figure 6. Figure shows the moments

of standing in the starting position (0.3 s), holding the load

by squatting (1.1 s), standing with the load (2.3 s), lowering

the load on the platform (3.4 s) and returning to the starting

position (4.5 s).

3.2 L5/S1 and upper extremity joint moments

The net reaction forces and moments occurring in the joints

were calculated during the period from taking the load

lifted by the subject by squatting to lowering it on the

platform in front of him. As mentioned earlier, the forces

exerted by the muscles are usually much larger than the net

reaction forces. The contribution of the net reaction forces

to the compression and shear forces acting on the joint is

quite small compared to the muscle forces. The reaction

moment is the most important parameter to be verified, as

the net reaction moment defines exactly what level of

muscle strength is needed to perform a movement [25].

Figure 7 shows the net reaction moments values acting on

the wrist, elbow and shoulder joints in the upper extremity

group.

Within the scope of this study, participants were asked to

perform four different tasks in line with reference studies

[25, 37–39]. Figure 8 shows the net reaction moments

acting on the L5/S1 joint during the lifting tasks of one of

the participants. In figure 8, the 0.3–1.1 s interval is the

actions of crouching or bending, the 1.5–2.3 s interval is

standing up with the load, the 2.3–2.7 s interval is the

actions of standing with the load, the 2.7–3.8 s interval is

the actions of leaving the load on the table, and the 2.7–4.5

s interval is the actions of returning to the upright position.
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Figure 3. Angular position-time graphs of lower extremity joints.
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Spearman’s rank correlation coefficients (rho) values

between L5/S1 joint moments for squatting and stooping

activities in different lifting tasks are given in table 6.

While the results obtained in squatting and stooping

activities are completely compatible with each other, they

show partial differences. Especially the correlation rela-

tionship between squatting and stooping in the extension

direction is lower than others. In the activities of standing

up with the load, it can be said that a much more

stable reaction moment change occurs in standing up from

the squatting position compared to stooping. It is observed

that there is a significant fluctuation in the reaction moment

on the L5/S1 joint, especially in the stooping and asym-

metrical lowering activity, as the platform slightly hinders

the movement of subject while standing up with the load.

During symmetric lowering, the net reaction moments on

L5/S1 are concentrated in one axis as expected, whereas in

asymmetric lowering they are more in the extension

direction but dispersed in all three axes. When the sym-

metrical lowering is compared among themselves, it is seen

that the net reaction moment value in the stoop-symmetric-

far graph is quite large compared to the squat-symmetric-

close graph. This difference is due to the fact that the load

is left at a much farther point in the stoop-symmetric-far

action than in the squat-symmetric-close action.

The results of the absolute peak values of the net reaction

moments acting on the L5/S1 joint during these lifting tasks

are presented in figure 9. Lifting task were tested using a

one-way repeated measures analysis of variance (ANOVA).

The p-values obtained for different axis by ANOVA anal-

ysis for the absolute peak values of the moments given in

figure 9; Extension: p = 0.162, Lateral Flexion: p = 0.533,

Twist: p = 0.014 (significantly different at p\0.05). From

the analysis results, it is seen that there is a significant

difference only in the twist moments.

The absolute peak values of the net reaction moments

acting on the L5/S1 joint for similar lifting tasks in this

study and reference studies [25, 37, 38] and the bilateral

t-Test results used to determine the significant difference (p

\ 0.05) are given in table 7. In the reference study [37],

some significant differences were observed between the

results of four different lifting tasks (free- lowclose, free-

low-far, asy-low-close, free-high-close) and four different

computational models (buLABmodel, tdLABmodel,

tdAMBmodel, buAMBmodel). However, the results

obtained with the model proposed in this study are in good

agreement with the tdAMBmodel and buAMBmodel

computational models in the reference study [37]. Another
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reference study [38] compared two different lifting tasks

and found no significant difference between them except

for the twist direction in the squat-symmetric-close task.

The comparison with the results of another study [25],

which included asymmetric lifting tasks, also showed no

significant difference.

3.3 Hands forces

The results of this study were obtained for the squat-sym-

metric-close experimental task and include the process of

taking the load from the ground by squatting, lifting it and

lowered onto a high platform. The results of the reference

study [39] include the processes of free-style lifting and

carrying of the load from the ground. Calculation results of

hand forces are given in figure 10. In this study, manual

lifting starts in approximately 1.8 seconds and lowering is

completed in approximately 3.6 seconds. In the reference

study [39], manual load lifting starts at approximately 2.8

seconds, and the action of carrying the load continues from

approximately 4.6 seconds. It was observed that the results

of hand forces were largely similar to the reference study

for the relevant time period.

Figure 6. Posture positions of the 3D biomechanical human model at different moments of the squat-symmetric-. experimental task.
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3.4 Limitation

There are some limitations in this study. Firstly, when both

feet are in contact with the ground, the body part from L5/

S1 to the feet becomes a parallel mechanism. In this case, in

order to calculate the net force and moment values at the

hip, knee and ankle joints, a force platform and solution

techniques including optimization are needed. However, it

is always possible to directly calculate the net reaction

forces and moments at the L5/S1, shoulder, elbow and wrist

joints with this method, including the case where both feet

are in contact with the ground. Secondly, in the application

where the proposed model will be used, if an action is to be

performed that will cause the feet to lose contact with the

ground (such as load carrying), the linear acceleration of

the right foot where the reference frame is located should

be measured and applied as a boundary condition input to

the kinematic equations. Thirdly, during the calculations, it

is assumed that the mass of the lifted load is equally dis-

tributed to both hands.
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Table 6. Spearman’s rank correlation coefficients (rho) values between the net reaction moments acting on the L5/S1 joint for squatting

and stooping activities in different lifting tasks.

Tasks Extension 21n21z Lateral flexion 21n21x Twist 21n21y

Squat-symmetric-close and squat-asymmetric-close 0.729 0.783 1.000

Stoop-symmetric-far and stoop-asymmetric-close 0.878 0.935 0.999

Squat-symmetric-close and stoop-symmetric-far 0.273 0.775 0.995

Squat-asymmetric-close and stoop-asymmetric-close 0.210 0.564 0.997
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Figure 9. Absolute peak values of the net reaction moments

acting on the L5/S1 joint of the participants during different lifting

tasks.
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4. Conclusion

In this study, it is aimed to develop a method that can

calculate the net reaction forces and moments acting on the

L5/S1 and upper extremity joints by using only kinematic

measurement inputs, without the need for force measure-

ment from the points where the feet contact the ground.

Joint motion inputs can be obtained using any motion

capture method (optical motion capture, inertial motion

capture or, etc.). In the application where the proposed

model will be used, if an action is to be performed that will

cause the feet to lose contact with the ground (such as load

handling), the linear acceleration of the right foot where the

reference frame is located should be measured and applied

as a boundary condition input to the kinematic equations.

The results obtained from the experimental study involving

manual load lifting and dropping activities using this

method were found to be consistent with the results

obtained from peer experimental studies carried out in the

literature under similar conditions. It is predicted that this

model can be used for the analysis of human movement

behavior in areas such as ergonomics studies, determination

of movement disorders, orthosis/prosthesis designs and

sports activities.

Table 7. Absolute peak values and bilateral t-Test results (p-values) of the net reaction moments acting on the L5/S1 joint of similar

lifting tasks in this study and reference studies.

Extension Lateral flexion Twist

M ± SD p M ± SD p M ± SD p

Squat-symmetric-close (This study) 173 ± 20 Control 35 ± 13 Control 32 ± 11 Control

Free-low-close buLABmodel [37] 193 ± 32 0.053 15 ± 6 < 0.001 14 ± 7 < 0.001

Free-low-close tdLABmodel [37] 191 ± 33 0.087 14 ± 7 < 0.001 16 ± 8 < 0.001

Free-low-close tdAMBmodel [37] 177 ± 35 0.709 15 ± 6 < 0.001 17 ± 9 < 0.001

Free-low-close buAMBmodel [37] 158 ± 36 0.178 24 ± 13 0.028 18 ± 10 0.001

Near reference data [38] 174 ± 75 0.962 44 ± 31 0.334 20 ± 14 0.025
Stoop-symmetric-far (This study) 181 ± 23 Control 32 ± 11 Control 21 ± 13 Control

Free-low-far buLABmodel [37] 213 ± 35 0.007 15 ± 6 < 0.001 19 ± 8 0.611

Free-low-far tdLABmodel [37] 215 ± 39 0.008 14 ± 7 < 0.001 20 ± 11 0.821

Free-low-far tdAMBmodel [37] 204 ± 47 0.108 15 ± 7 < 0.001 23 ± 11 0.652

Free-low-far buAMBmodel [37] 177 ± 44 0.763 24 ± 14 0.096 22 ± 9 0.806

Far reference data [38] 185 ± 71 0.844 40 ± 18 0.183 19 ± 12 0.697

Squat-asymmetric-close (This study) 165 ± 25 Control 37 ± 14 Control 30 ± 10 Control

Asy-low-close buLABmodel [37] 177 ± 44 0.376 42 ± 21 0.456 22 ± 7 0.016

Asy-low-close tdLABmodel [37] 183 ± 46 0.203 38 ± 20 0.877 22 ± 7 0.016

Asy-low-close tdAMBmodel [37] 172 ± 42 0.591 39 ± 20 0.757 27 ± 12 0.467

Asy-low-close buAMBmodel [37] 167 ± 48 0.890 44 ± 22 0.316 27 ± 14 0.511

Bottom-up [25] 174 ± 43 0.548 44 ± 22 0.383 32 ± 21 0.768

Top-down [25] 191 ± 50 0.124 55 ± 29 0.067 34 ± 18 0.516

Stoop -asymmetric-close (This study) 162 ± 27 Control 30 ± 12 Control 20 ± 6 Control

Asy-low-close buLABmodel [37] 177 ± 44 0.279 42 ± 21 0.070 22 ± 7 0.412

Asy-low-close tdLABmodel [37] 183 ± 46 0.146 38 ± 20 0.203 22 ± 7 0.412

Asy-low-close tdAMBmodel [37] 172 ± 42 0.452 39 ± 20 0.154 27 ± 12 0.058

Asy-low-close buAMBmodel [37] 167 ± 48 0.733 44 ± 22 0.043 27 ± 14 0.094

Bold p-values are significantly different at p\0.05.

M Mean; SD Standard deviation.
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Dieën J H 2020 Validation of a wearable system for 3D

ambulatory L5/S1 moment assessment during manual lifting

using instrumented shoes and an inertial sensor suit. J.
Biomech. 102: 109671

[38] Xu X, Chang C-C, Faber G S, Kingma I and Dennerlein J T

2012 Estimation of 3-D peak L5/S1 joint moment during

asymmetric lifting tasks with cubic spline interpolation of

segment Euler angles. Appl. Ergon. 43: 115–120
[39] Faber G S, Koopman A S, Kingma I, Chang C C, Dennerlein
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