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ABSTRACT

Carrying heavy backpacks exceeding 10% of body weight (BW) is a widespread issue among
primary school students in developing countries, often linked to musculoskeletal injuries. This
study proposes redistributing excess backpack loads to the arms to reduce spinal strain and
evaluates the safety of this approach. An optimisation model was developed to estimate arm
muscle forces in ten healthy students (age: 8.09 + 0.85 years) during treadmill walking under
three load conditions, which were 0-L (no arm load), 1-L (2.2 kg arm load), and 2-L (4.5 kg).
Kinematic data were captured using a Vicon motion analysis system, and muscle forces derived
from the model were compared to their maximum forces (Fmax). Results demonstrated that
muscle forces increased significantly with load magnitude: biceps and triceps forces remained
below safe load limits in 0-L, with 113.46 N and 115.06 N, respectively, and 1-L, with 228.34
N and 231.12 N. However, at 2-L, triceps force was 309 N,which exceeded its maximum force
(Fmax = 280 N). Paired t-tests confirmed statistically significant differences between all
conditions. These findings suggest that transferring 2.2 kg (1-L) from the back to the arms is
biomechanically safe, whereas 4.5 kg (2-L) poses a risk of overloading arm muscles. This study
provides actionable insights for optimising load distribution in schoolchildren to prevent spinal

injury.
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1. Introduction

Carrying school backpacks loaded with textbooks has long been a
persistent issue for students, with various medical problems reported
as a result of heavy backpack use Efforts have been made to reduce
backpack loads, and the impact of different loads on primary school
students has been widely studied. Nevertheless, in many developing
countries, students are still reported to carry backpacks weighing more
than 10% of their BW [1-3]. While many studies have investigated the
effects of carrying a backpack [4-6], researchers have provided few
practical recommendations beyond simply reducing the weight.
Carrying heavy backpacks can have lasting effects throughout a
student's life and is particularly damaging to students at the elementary
school level [7]. Various researchers have suggested specific load
limits and proposed strategies to minimise the negative impacts of
heavy backpack carriage [8]. In particular, it is commonly
recommended that schoolchildren should not carry more than 10% of
their BW [5, 9]. In this study, we explore the idea of transferring part
of the backpack load to the arms of elementary school students.

This approach requires analysing the kinetics and kinematics of the
students' arms to understand the behaviour of arm muscles during load
carriage and determine how much load can safely be transferred.
Previous researchers have investigated arm muscle dynamics using
experimental and analytical techniques [10, 11]. Estimating individual
muscle forces typically involves optimisation methods to solve the
redundant system [27, 28]. Dynamic optimisation methods have been
widely employed to calculate muscle forces by minimising an
objective function over time [12]. Such problems can be addressed
using optimal control, static optimisation, or calculus of variations
(COV) methods [12—14]. COV, in particular, is an analytical approach
that derives optimal solutions through the Euler—Lagrange differential
equation [15—17]. Molinder [18] demonstrated the application of the
COV method in solving dynamic optimisation problems within the
field of economics, relying on the Euler—Lagrange equation to find
optimal solutions.

Motion capture data are essential for simulating and solving the
optimisation problem to estimate muscle forces accurately. The
objectives of this study are to estimate the forces generated by arm
muscles using optimisation techniques and to determine a safe load
that can be carried by students’ arms. It is hypothesised that all
subjects had sufficient rest before the experiments began.

2. Subjects

Ten primary school students (6 males and 4 females) participated in
this study to investigate their arm muscles during walking with three
different load conditions. The subjects were healthy and had no history
of muscle pain with age mean (£SD) 8.09 (£0.85) years, height 127.2
(#9.15) cm, and weight 25.54 (£4.52) kg as well. All subjects
performed the activity carrying a backpack and walking on a treadmill
with self-selected speed of 2.3 (+0.3) km/m.

3. Experiment Design

External loads were applied to the distal segment at the center of mass
(COM). The arm model was investigated under dynamic conditions
with three different load conditions, 0-L as zero load, 1-L is the
subtraction of 10% of the BW and the maximum load, 4.8 kg or 47.04
N, which was obtained from [2]. Finally, the third load condition (2-
L) was identified as the double of the 1-L. Motion capture data were
collected from the subjects for 20 seconds using a four-camera motion
analysis system (Vicon Motion System, 1.5.2), processed at 50 Hz and
derived using the plug-in-gait model. The data were analyzed using
MATLAB (7.11) for filtering using the smoothing spline filter and
then numerically derived to calculate the angular velocity and
accelerations of the respective joints to be included in the dynamic
model.

4. Arm Biomechanical Model

The right arm was modelled in a two-dimensional plane, with two
degrees of freedom (DOFs), which consists of two segments: upper
arm and combined forearm-hand, as one segment, linked by elbow
joint actuated by muscles to cause flexion/extension movements
(figure 1). The segments were considered to be rigid bodies, with
lengths /; and [, and the elbow joint was assumed to be hinge and
frictionless. Local coordinate systems (LCS) for each segment were
assumed to be attached to the arm segments and located at the rotation
centers at the joints centers of origin points. Each segment has its LCS,
where O1X1Y1 is the LCS at the shoulder joint as unmovable
coordinate system and the O2X2Y2 is the LCS attached to the center of
the elbow joint. The shoulder and elbow joint angles, @; and @,, are
the flexion/extension angles of the respective joints, as in figure 1.
Forces of gravity on the arm segments, G;and G, are the weight forces
of the upper arm and forearm-hand segments, and they affect at the
center of masses (COMs). The point of action of the gravitational
forces on the arm segments was determined as the product of the
segment length and the proportion as the distance between the
proximal end of the respective segment and the location of its gravity
force. The proportion values for the upper arm segment, r; = 0.436,
and the forearm-hand segment, r, = 0.682, were taken from [20].

Five arm muscles were selected for inclusion in the biomechanical
model of the subjects’ right arm, the biceps, triceps, brachialis, flexor
carpi radials (FCR), and extensor digitrum (ED) muscles to be
characterized by the force actions, F;, as one force. Forces caused by
ligaments are ignored compared with muscle forces. The moment arm
and inclination angle for each muscle are symbolized by 7;; and 6;;,
respectively, where i represents a particular muscle and j represents a
respective joint. The inclination angle of the muscle is defined as the
angle between the line of muscle action and the segment that is
actuated by this muscle. The moment arms and physiological cross-
sectional areas (PCSAs) of muscle forces and muscle inclination
angles are obtained Egom Raikova [21], Veeger et al. [22], and an [23].

Fig. 1: Free-body diagram of the arm model in the sagittal plane.
The weights G,and G, exert clockwise moments on the upper arm and
forearm-hand segments about the shoulder and elbow joints,
respectively. The investigated muscle forces have two different
actions that move the segments of the biomechanical model, upward
in a counterclockwise direction and extend in the clockwise direction.
The equations of motion were formulated with respect to the LCSs and
mathematically describe the arm segments in dynamic pattern using
Newton’s laws with three different load conditions. The equality
constraints are represented by equilibrium moment equation for each
DOF. All muscle forces are limited to be 0 < F; < F,4, . The
maximum muscle forces were calculated by the product of the constant
maximum stress, which was assumed to be 62 N/cm? [24], and the
PCSA for each muscle. The masses and the moments of inertias of the
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arm segments were determined based on the subjects’ body masses.

5. The Mathematical Formulation of the Dynamic Model
According to Newton’s laws, the equations of motion represent
mathematically the dynamic pattern of the arm segments [29,30]. The
equations (1) characterize the upper arm segment during walking,
where equations (1a) and (1b) represent the total sum of the horizontal
and vertical forces acting on the upper arm segment. Equation (1c) is
the moment equilibrium equation that represents the total sum of the
moments of all forces acting on the upper arm segment.
c0s(011) Fy + cos(012) F — Fsx + sin(@; + @3) Fiy

1
+ cos(@1 + @2) Fgy = myayy. (12)
sin(6,) F; + sin(6,;) F, — Fs,, — cos(@q + @) Figy (1b)
+ sin(@q + @2) Fgy = myay,
111 Fy + 115 Fy + Teq Fgy + Tep Fgy — 791 Fg1 — Mexn (10)
= Ilal.
Ter = lisin (¢3). (1d)
Tez = 11 cos(@,). (le)
Tg1 =" sin(¢q). (19)

Equations (2a) and (2b) are the horizontal and vertical forces
acting on forearm-hand segment, and (2¢) is the moment equation in a
dynamic state, which is the total sum of the moments of all forces
acting on the forearm-hand segment.

—sin(0,1) F; — sin(8,2) F, — sin(8z3) F3 — sin(6,4) F,
—sin(0;5) Fs — Fgx + Fga cos(@y + ¢2)  (2a)
= M0y

cos(021) Fy + cos(6,,) F, + cos(0,3) F5 + cos(0,4) F,
+ c0s(0;5) Fs — Fg,, — Fgasin (¢ (2b)
+ @3) = myay,
T21Fy + 192F; + 193F3 + 124 Fy + 135F5
— Meyer = Ly

g2 = 12 sin(@y + ¢2). (2d)
where my and m, are the mass segments, I; and I, are the moments
of inertia of the model segments, a; and a, are the angular
accelerations, aq, and a,, are the x-components of linear
acceleration, and a,y and a,, are the y-components of the linear
acceleration segments. The lower script ‘1’ indicates the upper arm
segment and ‘2’ indicates the forearm-hand segment.

— T, (FGZ + Fext(k)) (20)

6. Dynamic Optimization Problem
The objective function J of muscle stresses is a quadratic function and
constrained by moment equation for each DOF (Equations (3)). The
objective function points out how much individual muscle contributes
to the activity to be minimized in the optimization task and it is
formulated as follows:
ty

J =min f fIF, Fy, ..., Fs, Fs, t]dt (3a)
ty

F2
such that f =32

1=1pcsa

. subject to

Q1 =r1Fy + 12k, — Tg1FG1 — Meyxer —hay (3b)
Q2 =121 Fy +195F; +193F3 + 194 Fy + 155F5 (3¢)
- ng(FGZ + Fext(k)) = Mextz — Las.
0 < F; < Faui (3d)
The Lagranglan equation can be forrnulated as follows:
_ P} F F}

(PCSA PCSA, ' PCSA; ' PCSA, PCSA )+ Zie1 i OQk- (4)

Thus, the Euler-Lagrange equation (5) can be obtained by deriving

Equation (4) with respect to the design variables and the Lagrange
multipliers (4; and 4;) [29, 30].

s aGE) TSR 5 =0, 5)
The joint reaction forces (JRFs) would not be taken into account in the

optimization task, which can be calculated subsequent to the

estimation of the unknown muscle forces.

2PCFSA + A1ryq + Ay = 0. (6a)
2 PCZA + 41rip + Ay1y = 0. (6b)
2PC};A + A,13 = 0. (6¢)
2PCP;A + ATy = 0. (6d)
ZPCZA + A,15 = 0. (6e)
T11Fy + 112F, = 1g1Fg1 + Moy + iy (61)

121 F; + 122F + 153F3 + 124 Fy + 15K (62)
= ng(Faz + Fext(k)) + Meyiz + Las. B

The equations (3b and 3c) as well as the derived Lagrangian equation
(5) make together a determinate system (6) that can be readily solved,
using the equation X = A~ - B, according to the principle of COV.
The dynamic optimization model was simulated using MATLAB to
estimate the right arm muscle forces during walking throughout the
three load conditions. Collected kinematic data were also exported to
MATLAB code to be used as input in the simulation for estimating the
muscle forces in the dynamic condition.

7. Results

The dynamic optimization method was used to estimate the arm
muscle forces during walking with three load conditions to investigate
the muscle patterns of the students’ right arms throughout the
identified load conditions, 0-L, 1-L, and 2-L. The muscle forces were
estimated using the dynamic optimization model that was analytically
solved using COV.
A comparison was made for the contribution of the right arm muscles
for each load condition. As shown in Figures 2, 3, and 4 throughout
the estimated muscle forces for every load condition, each muscle
force was influenced by the change in the applied load. The muscle
forces estimated by the model were represented by root mean square
(RMS) values, which were calculated and compared to evaluate the
level of activity. The biceps and triceps muscles had the largest
estimated muscle forces during walking where they exerted forces
with RMS of 113.46 N and 115.06 N, respectively, during 0-L
condition with root mean square difference (RMSD) of 2.18 N. During
1-L condition, the results of biceps and triceps muscles also had the
largest forces among the arm muscles, with RMS of 228.34 N and
231.12 N, respectively, and 2.92 N as RMSD. The RMS values were
also calculated throughout 2-L condition, and it was found that biceps
and triceps muscles exerted 308.31 N and 309 N as RMS with RMSD
1.43 N. Throughout the three load conditions, FCR and ED muscles
had the smallest estimated forces where FCR muscle exerted forces of
18.76, 38.16, and 55.97 N, whereas ED exerted forces of 22.93 N,
46.64 N, and 68.41 N as RMS values. The RMSDs were calculated,
and it was found that 4.17 N, 8.48 N, and 12.44 N represent the RMSD
values between FCR and ED muscles for 0-L, 1-L, and 2-L conditions,
respectively. As one of the investigated arm muscle, brachialis muscle
exerted forces in between biceps and triceps muscle forces as largest
forces and FCR and ED muscle forces as the smallest muscle forces
for all load conditions. Brachialis muscle forces had 70.88, 144.15,
and 211.45 N as RMS values during 0-L, 1-L, and 2-L conditions,
respectively, and averaged RMSD values were calculated between
biceps and FCR muscle forces that were found to be 77.25 and 181.01
N, respectively.
Within the load conditions, the activity level of each arm muscle was
evaluated and compared with each other to show the change in muscle
activity with different loads applied on the arm throughout walking.
The results showed that the muscle forces were always greater during
2-L condition than other conditions and contributions to the total
muscle loading were less during 0-L condition than 1-L and 2-L
conditions.

The estimated muscle forces with 0-L and 1-L conditions were
compared with their maximum forces to be found less than their
maximum forces and triceps muscle exceeded its maximum muscle
force with 2-L condition
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Fig. 2: Biceps, triceps, brachialis, FCR, and ED muscles forces
estimated by the dynamic model for a complete gait cycle with 0-L.
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Fig. 3: Biceps, triceps, brachialis, FCR, and ED muscles forces
estimated by the dynamic model for a complete gait cycle with 1-L.
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Fig. 4: Biceps, triceps, brachialis, FCR, and ED muscles forces
estimated by the dynamic model for a complete gait cycle with 2-L.
The calculation of the JRF's was made to demonstrate the influence of
the change in load on the contact forces of the respective joints and
compared with each other within load conditions. The JRFs of
shoulder and elbow joints were plotted, as shown in Figures 5 and 6,
and it was found for each load condition that JRF’s of shoulder were
larger than JRFs of elbow, and they were also influenced by the change
in load. Maximum JRFs occurred in the respective joints with 2-L
condition, whereas those joints had the smallest values with 0-L

condition.
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Fig. 5: Shoulder JRF's for three load conditions,
0-L, 1-L, and 2-L, during a complete gait cycle.
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Fig. 6: Elbow JRFs for three load conditions,
0-L, 1-L, and 2-L, during a complete gait cycle.

8. Discussion
The aim of this study is mainly to reduce the backpack weight carried
by students in basic education by transferring a particular load of the
backpack to the arm as an external load applied at the forearm-hand
segment. Therefore, the arm muscles were investigated during load
carriage throughout the identified load conditions, 0-L, 1-L, and 2-L,
for a complete gait cycle. Moreover, the subjects’ arm muscle forces
were estimated and compared with the collected EMG data during
walking with the load conditions, and a safe load limit that can be
carried by the students was discussed as well.
Biceps and triceps muscle forces had the largest values throughout the
load conditions, which indicate that biceps and triceps work as the
main actuators of the arm when carrying the load. The results of the
FCR and ED muscles, in the role of synergist, indicate that they had
no proper contribution to the total loading of these muscles. Brachialis
works as a synergist muscle; its contribution during the activity is
clearly noticed and it is more active than the other synergist muscles,
but less active than the biceps and triceps muscles.
According to the large contribution of the total load, the results showed
that the two-joint muscles, biceps and triceps, work as the main
movers while the brachialis, FCR, and ED muscles function as
synergists. Moreover, the flexor muscles investigated in this study—
biceps, brachialis, and FCR—were active throughout the load
conditions such that they flex the arm upward; and it was found that
the extensor muscles—triceps and ED—are also active during flexion
activity. The extensor muscles do not necessarily work to oppose
motion but may provide stability and stiffness to a joint assuming the
role of synergists, which help agonistic muscles perform a desired
action [25, 26].
JRF's at the shoulder joint had larger forces compared with the elbow
joint, which had less JRFs among the load conditions. According to
the results of the dynamic optimization model, 1-L may be considered
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as a safe load to be carried in the arms of children during going and
coming back from school as a way to distribute and reassign the heavy
load of the students' backpacks. Furthermore, the 2-L condition should
be avoided as load applied on a student’s arm because biceps and
triceps muscle forces estimated by the models exceeded their
maximum forces with this load condition.

The increase in external applied load influences the muscle forces, but
of course, more effort should be exerted by the student to carry a
heavier load. The high values of the muscle forces estimated by the
optimization model with 2-L condition refer to the increase in the
external applied load, so a safe load should be recommended to be
carried by the arms.

9. Conclusion

The dynamic optimisation model successfully demonstrated a
substantial dependence of both muscle forces and joint reaction forces
(JRFs) on the magnitude of the external load applied to the arm. The
model provides clear, actionable safety limits: the 1-L condition is
characterised as relatively safe, while the 2-L condition results in an
unacceptable risk profile, with predicted forces exceeding validated
biomechanical tolerance limits. The statistically significant
differences observed between these load conditions underscore the
sensitivity of the arm’s musculoskeletal system to even moderate
increases in weight. In conclusion, these results validate the transfer
of a 2.2 kg (1-L condition) load to the arm but provide a robust basis
for strongly cautioning against using the arm segment to carry an
excess load of 4.5 kg (2-L condition).
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