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Abstract: Patient transfer (PT) tasks are a significant cause of low back pain (LBP) in caregivers.
Adopting proper motion strategies is an effective and inexpensive approach to reduce the risk of LBP.
However, since the standardization of PT tasks is not specified in ISO 11228, there is an increasing
need to develop a quantitative assessment method for the lumbar safety of caregivers. Therefore, we
aim to determine the effect of representative factors, extracted from caregivers’ movements and of
external force, on peak compressive force (CF) in patient transfer tasks using the lumbar compressive
force as a criterion. The CF at the lumbar region is estimated using a biomechanical simulator,
and regression analysis is performed between the estimated CF and representative factors. The
results imply that peak CF occurs in the incipience of transfer and occurs after the occurrence of
the peak trunk angle. The results also indicate that the peak CF can be reduced by preventing the
representative factors from simultaneously reaching the maximum values. In this study, we provide
a method of reducing peak CF by estimating the timing and magnitude of the peak to help caregivers
assess the severity of LBP risk in actual PT, which is expected to contribute to the standardization of
PT tasks.

Keywords: ergonomics assessment; compressive force; patient transfer; dynamic simulation;
low back pain

1. Introduction

Caregivers suffer from a higher risk of developing work-related low back pain (LBP)
compared to people in most other occupations [1]. Further, patient transfer (PT) is an
important task in caregiving and hence a significant cause of LBP [2]. Therefore, an
effective and inexpensive solution to prevent LBP caused by PTs to adopt a proper motion
strategy [3,4]. Thus, there is an increasing need to develop a quantitative method based on
biomechanics for reducing LBP risk among caregivers performing PT tasks.

The National Institute for Occupational Safety and Health (NIOSH) has proposed a
lumbar compressive strength (CS) equal to 3.4 kN, as obtained from human cadavers, as the
biomechanical criterion for LBP [5]. In a series of associated experiments using cadavers,
the CS was obtained at the maximum compressive force (CF) that causes vertebral fracture,
where CF is defined as the force acting perpendicular to the mid-plane of the lumbar
disc [6,7]. Thus, monitoring the peak CF during back-straining tasks while referring to the
CS can help prevent LBP effectively.

The peak CF for a manual lifting task can be estimated using several dominant factors.
Potvin et al. reported the dominant factors for the peak CF by extracting factors associated
with the CF in the NIOSH manual lifting equation [5,8]. The factors were the external load,
body weight, and horizontal/vertical distance between the external load and human body.
Merryweather et al. proposed a quasi-static model that uses body height, body weight,
trunk flexion angle, external load, and the horizontal distance between the external load
and body to estimate the static CF [9]. Further, the dynamics of motion influence the CF,
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and the static method underestimates 11–38% of the lumbar load during lifting [10]. A
dynamic CF can be obtained by modifying the static CF with a constant coefficient [9].
Xiang et al. validated Merryweather’s model using the in vivo measurements performed
by Nachemson, Wilke, Sato, and Takahashi [11–15]. These studies suggest that the flexion
angle, external mass, and moment arm of the load are positively associated with the CF
under 2D conditions.

However, the relationship between the CF and the aforementioned factors are limited
in the 2D movement because the recruitment of trunk muscles is different under 2D and 3D
conditions. For 2D lifting, the maximum normalized activity of the erector spinae is 61%,
which is considerably larger than that of the other muscles. Forexample, the maximum
normalized activity of the latissimus dorsi is 13% [16]. Thus, the resultant trunk muscular
force is considered the erector spinae force under 2D conditions [17,18].

The CF is more difficult to obtain under 3D conditions. The activation of other trunk
muscles cannot be omitted when considering 3D movement. For example, in the PT task
from the bed to the wheelchair, the maximum normalized activities reported between the
erector spinae and latissimus dorsi were 34% and 24%, respectively [19]. Therefore, the
resultant trunk muscular force needs to be a redundancy problem of the co-activation
of the trunk muscles on the estimated lumbar moment. Trunk muscle activation can be
estimated by analyzing EMG data, minimizing the summation of the n-th power of trunk
muscle stresses, or conducting regression analysis [20–23]. However, these methods require
expensive devices to obtain motion and dynamic data, which is problematic in terms of
application in hospitals or homes. Therefore, there is a practical need to determine the
pattern of the dominant factors affecting peak CF in PT tasks.

To this end, many studies have investigated the dominant factors that affect the peak
CF. Further, several methods have been developed to prevent the peak CF from exceeding
the biomechanical criterion. Marras et al. showed that the peak CF generally exceeds
3.4 kN in PT tasks [22]. Therefore, several transfer strategies have been proposed to reduce
the burden on the lumbar spine to decrease the peak CF. Schibye et al. asked the care-
receivers to lean forward when they were about to be transferred, which helped decrease
the peak CF from 4132 to 2708 N [24]. Jäger et al. observed a decrease in the peak CF
when the caregiver was requested to hold the care-receiver firmly or with the least change
in the upper body posture during the transfer. Further, they explained that this method
can reduce the asymmetric load and frictional force, which decreases the peak CF [25].
This understanding can help minimize the lumbar burden. In addition, a group of studies,
including the abovementioned studies, have specified the timing of the peak CF occurring
around the initial point of lifting [20,22,24,25]. Further quantitative investigation into
whether the peak CF always appears at an incipience point in time, and the mechanism
of the CF attaining the peak, considering other factors such as the points of loading and
body posture of the caregivers, can help improve our expertise not only for practical PT
tasks but also in other fields wherein the back pain seems to be a problem for the workers
in the industry.

The peak CF can be obtained either using the existing 2D analytical models or 3D
numerical biomechanical models such as AnyBody and OpenSim [8,9,26,27]. Numerical
3D models require large motion and force data through a complete transfer motion recon-
struction and a complex dynamic analysis. Analytical 2D models can only be used for 2D
static or quasi-static conditions. These shortcomings make the models unfit to provide
caregivers with a method for reducing peak compressive force in a specific actual site. It is
difficult for caregivers to use the existing models to assess their lumbar safety in a specific
actual site. Thus, there is an increasing need to develop a quantitative assessment method
for the lumbar safety of caregivers.

In this study, we aimed to reveal the effect of motion factors on peak CF. We conducted
experiments of various manual handling tasks using dumbbells and by simulating PT tasks
to validate if the dominant factors are correlated to the peak CF appearing at the incipient
timing of lifting motions. Determining the characteristic of the peak CF occurrence would
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allow us to train caregivers such that they can transfer patients without exceeding the
biomechanical criterion. It would also allow us to develop engineering devices that can
alert the caregivers about their body postures to help prevent LBP.

The organization of this paper is as follows. First, we developed a 3D dynamic
simulator based on inverse dynamics and McGill’s regression model for estimating care-
givers’ lumbar CF during the transfer tasks. An inertial measurement unit (IMU) motion
capture system and four force plates obtained the motion and force data. Second, we
conducted the PT experiment to discuss the effect of the dominant factors on peak CF.
We also conducted the dumbbell lifting (DL) experiment to investigate the influence of
primitive motions on peak CF. Third, we developed a regression model for estimating the
peak CF by using the dominant factors. Finally, we discussed the influence of the PT speed
on peak CF by comparing the CF estimated by the regression model and Merryweather’s
analytical model.

2. Method
2.1. Experiment
2.1.1. Subjects

The Institutional Review Board at Nagoya University (Department of Engineering,
No. 20-18) approved this project. Five healthy male subjects (mean and standard deviation
27 ± 2.2 years; height: 176 ± 2.5 cm; body mass: 65 ± 8.2 kg) participated in the study as
caregivers. One subject (age: 24 years, height: 173 cm; body mass: 65 kg) was recruited as
the patient/care-receiver. Unless otherwise specified, the labels “caregivers” and “patient”
are used to represent subjects who played the roles of caregivers and the patient, respec-
tively. All subjects were healthy and had no history of LBP. We selected the participants
from among the university students as the transfer task had a high risk of lower back pain.
Moreover, being young, they could tolerate relatively high lumbar loads.

2.1.2. Instrumentation

As shown in Figure 1, a motion capture system based on an IMU system Xsens
MVN Analyze (Xsens, Inc., Enschede, The Netherlands) reconstructed the motion. A total
of 15 IMUs were attached to the head, shoulders, L5/S1 (part between the fifth lumbar
segment and first sacrum segment), upper arms, forearms, thighs, shanks, and feet. Four
force plates (M3D-EL-FP-U, Tec Gihan Co., Ltd., Kyoto, Japan) were used to measure the
ground reaction force (GRF) at the balls of both feet and at the heels of each caregiver. A
large force plate (TF 6090 type, Tec Gihan Corporation, Kyoto, Japan) placed on the feet of
each caregiver was used to monitor and control the total load for the safety of the caregivers.
The maximum acceptable load for a caregiver was defined as a total of the weight of the
caregiver and an external load of 15 kgf. We calibrated the maximum acceptable load for
each caregiver by asking him to stand still with a 15 kgf dumbbell. Then, for the training of
the PT task, the patient was asked to support more of his body weight on his feet when the
total load recorded by the large force plate exceeded the maximum acceptable load for the
caregiver. We started the experiment with the subjects accustomed to performing the PT
tasks with an external load of less than 15 kgf.

The data recorded at 60 Hz were filtered by a low-pass filter with a cut-off frequency
of 4 Hz. The relationship between the peak CF and the dominant factors in this study was
not appropriate for an external load larger than 15 kgf because we limited the external load
to less than 15 kgf. In the actual case of an external force exceeding 15 kgf, caregivers need
to use assisting devices for the transfer.
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Figure 1. Schematic of the experimental setup for obtaining the ground reaction force and motions.
A block was used to ensure the caregiver and patient were on the same horizontal level.

2.1.3. Tasks for Transfer Motion

Task (a) was conducted to investigate how the CF varied when using different lifting
strategies, and Task (b) was conducted to obtain the peak CF in the actual PT task. As
shown in Figure 2a, the transfer tasks (a and b) included two parts:

Figure 2. Transfer tasks with (a) a 15 kg dumbbell and (b) a patient. Point P represents the projection
of the center of mass of the dumbbell. In the PT tasks, a mat was placed between the chair and the
wheelchair to prevent the subject from falling on the ground. The mat also ensured the wheelchair
and the chair aligned with the front plane and right-side plane, respectively.

The caregivers lifted a 15 kg dumbbell from 70 cm to 130 cm within 2 s with a twisting

angle of 60◦ (the angle between
→

OP and the sagittal plane (X-Z plane)). Twisting and
extension were considered the two primitive motions in the transfer tasks. The DL task
was performed from the left side to the sagittal plane in three patterns. These three patterns
were combination (com)—-defined as diagonal lifting with simultaneous extension and
twisting motions combined, twisting-extension (t-e), and extension-twisting (e-t).
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The caregivers performed the PT task in 10 s, as shown in Figure 2b. They performed
the task by transferring the patient from the sagittal plane (X-Z plane) to a wheelchair on
the right side, and the angle between the chair and the wheelchair was 90◦.

Before the experiment, all caregivers were trained in the PT motions to ensure their
approach to transfer the patient was similar to that performed at actual clinical sites.

The objective of the DL task was to investigate whether the transfer trajectories
affected the peak CF. The objective of the PT task was to investigate how the peak CF
was affected by the dominant factors. We selected these tasks because transfer tasks are
risky to human lumbar under the criterion of the CF limit (3.4 kN) as proposed by NIOSH.
Marras et al. (1998) reported that the peak CF increases by 17% with an asymmetric angle
of 60◦ compared to the symmetric box lifting, and that most asymmetric transfer tasks
could result in exceeding the CF limit (3.4 kN) proposed by NIOSH [5,16]. Therefore, it
implies that there would also be a high risk of LBP in PT tasks because of this aspect.
Furthermore, previous studies have reported that caregivers would probably experience a
peak CF exceeding NIOSH’s CF limit by 1–2 kN [21] [24] if the transfer strategy was not
adopted in the PT tasks. Thus, we need to investigate the characteristics of the peak CF
occurrence.

2.2. CF Estimation
2.2.1. Inverse Dynamic Computation

Assume that the body is a link chain with 24 segments in total. The segments include
the left forearm, left upper arm, right forearm, right upper arm, head and neck, upper
thoracic (between the seventh cervical segment and the seventh thoracic segment), thoracic
to the sacrum (from the eighth thoracic segment to the first sacrum segment), pelvis, left
thigh, left shank, right thigh, right shank, left foot, and right foot [28].

The Newton–Euler method estimates the joint moment at L5/S1 (between the fifth lum-
bar and first sacrum)—denoted as ML5/S1—by inputting the movement and the GRF [29].
The components of ML5/S1 in the coronal (Y-Z), sagittal (X-Z), and transverse (X-Y) planes

are represented as
(

ML5/S1

)
x
,
(

ML5/S1

)
y
, and

(
ML5/S1

)
z
, respectively (Figure 2). The

joint locations and orientations were estimated using the virtual markers of the human
model established in the Xsens software. Keller’s magnetic resonance imaging (MRI) anal-
ysis helps correct the virtual markers between the thoracic and lumbar for L5/S1 [30]. The
GRF was obtained at both feet, and the locations of the force plates were fixed before the
transfer. Thus, the caregivers were not allowed to move their feet during the experiment.

2.2.2. McGill’s Compressive Force Model (McGM)

A polynomial regression model was proposed by McGill et al. to represent the CF [23].
Based on this, the CF can be estimated in a 3D space as

CF = 1067.6 + 1.219F + 0.083F2 − 0.0001F3 + 3.229B + 0.119B2 − 0.0001B3 + 0.862T + 0.393T2 − 0.0001T3 (1)

where F denotes the
∣∣∣∣(ML5/S1

)
y

∣∣∣∣ extension moment, where negative values corre-

spond to flexion (N·m), B denotes
∣∣∣(ML5/S1

)
x

∣∣∣ lateral bending moment where bending to

the right is positive (N·m), and T denotes
∣∣∣(ML5/S1

)
z

∣∣∣ axial twisting moment where the
counter-clockwise twist is positive (N·m), respectively. Further, the constant term is 1067.6.

2.3. Dominant Factors of Peak CF

We used five representative factors to estimate the peak CF: trunk flexion angle (θ),
trunk flexion angular velocity (ω), angular acceleration (α), horizontal distance between
the wrist and lumbar (H), and GRF (GRF). The wrist position was determined based on
the center of the left and right wrist markers. The definitions of θ, and the determination of
ω and α are illustrated in Figure 3, wherein θ represents the trunk angle formed by vectors



Appl. Sci. 2021, 11, 11622 6 of 14

V1 and V′2. Vector V′2 was obtained by translating V2 from S1′ to S1. The locations of the
virtual marker of the first segment of the sacrum and the seventh segment of the cervical
are denoted by S1 and C7 in the upright posture, and by S1′ and C7′ in the flexed posture,

respectively. Further, we define V1 =
→

S1C7 and V2 =
→

S′1C′7. ∑ 0, ∑ 1, and ∑ 2 represent the
global coordinate system, local coordinate system of the first segment of the sacrum in
the upright posture, and local coordinate system of the first segment of the sacrum in the
flexed posture, respectively. ∑ 0R∑ 1

and ∑ 0R∑ 2
represent the rotational matrix for a vector

present in ∑ 0 from ∑ 1 and ∑ 2.

Figure 3. Trunk flexion angle θ represents the angle between the trunk vector at the stand-still posture
and flexed posture, which starts from the first sacrum segment to the seventh cervical segment. The
peak trunk angle, peak trunk angular velocity (ωp), and peak trunk angular acceleration (αp) are
determined from Steps 1 to 3.

The definitions of t0, t1, t2, and t3 are explained in Figure 4. The period ∆t of CF, θ,
ω, α, GRF, and H (∆tCFp , ∆tθp , ∆tωp , ∆tαp , ∆tGRFp , and ∆tHp ) is from t1 to the timing of the

maximum tp for CF, θ, ω, α, GRF, and H (t
CFp
p , t

θp
p , t

ωp
p , t

αp
p , t

GRFp
p , and t

Hp
p ). The period ∆t of

each factor was normalized by the duration of the entire PT task (t3 − t1), and it is defined
as ϕ (%), where ϕ = ∆t/(t3 − t1). The normalized period ϕ for CF, θ, ω, α, GRF, and H are
denoted as ϕCFp , ϕθp , ϕωp , ϕαp , ϕGRFp , and ϕHp , respectively.

2.4. Statistical Analysis

In all trials of the DL tasks, the Kruskal–Wallis test was used to compare the magnitude
of peak CF and its timing among the e-t, com, and t-e patterns. In all trials of the PT tasks,
the Mann-Whitney test was used to compare the magnitude of the maximum CFs under
the following two conditions: at the beginning of lifting and the end of lowering. The
Kruskal–Wallis test and Dunn–Bonferroni post-hoc test revealed a significant difference (at
the 0.05 level with a corresponding 95% confidence interval) among the time lags of the
maximum achieved by the different variables (CFp, θp, ωp, αp, GRFp, Hp, where subscript
p represents the peak value) in the PT tasks. The Pearson correlation coefficient was used in
the PT tasks to determine the correlation between the peak CF timing and the representative
factors. A 3D dynamic regression model was established using θ, ω, α, GRF, and H to
estimate the peak CF in the PT tasks.
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Figure 4. Time lags of the peak CF and representative factors to the initiation (t1) in the PT tasks. The
initiation timing of transfer is defined as the timing at the beginning of lifting which exhibits the
lowest wrist speed (v1). The end timing of transfer is denoted by t2, at which the lowest wrist speed
(v3) was observed. Wrist speed (v) is defined as the magnitude of the translation motion of the middle
point between two left and right markers, each of which is attached to the corresponding wrist.
Standing and recovery timings represented by t0 and t3, respectively. v2 represents the maximum
wrist speed.

2.5. Model Implementation and Comparison with State of the Art

McGill’s model (3D dynamic regression model) was compared with AnyBody model-
ing system and Merryweather’s 2D quasi-static model, respectively [9,23,26], to understand
that the AnyBody modeling system uses inverse dynamic computation and a detailed
muscle model, while Merryweather’s model is an analytical model used for the 2D case.
Merryweather model is given as

CFM = k× [0.0167(BW)(H) sin(β) + 0.145(L)(HB) + 0.8(BW/2 + L) + 23]× g (2)

where k, BW, β, H, HB, L, b, and g represent the speed-related coefficients (slow = 1.15,
moderate = 1.3, and fast = 1.4), body weight (kg), height (cm), horizontal distance between
the wrist and the lumbar (cm), load carried by the subjects (kg), angle between the trunk in
different positions and the vertical direction (rad), and gravitational constant, respectively.
k = 1.15 was determined by us, and we projected the 3D motion into the sagittal plane to
use Merryweather’s model in a 3D case.

The results show that the values of R-squares between McGill-AnyBody and McGill-
Merryweather are 0.83 and 0.92, respectively. In addition, the differences of estimation
were 2% and 5% for AnyBody’s result and Merryweather’s result, respectively, compared
with McGill’s result.
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3. Result
3.1. Patient Transferring Task
3.1.1. Peak CF Timing and Peak CF in the Patient Transferring Tasks

The peak CFs estimated during lifting and lowering are listed in Table 1. The mean
value and the standard deviation of the peak CFs in all trials at the beginning of lifting and
at the end of lowering were 2141 N (301 N) and 1968 N (396 N), respectively. The results of
the Mann-Whitney test indicate that the peak CF in the lifting phase is significantly greater
than that in the lowering phase. Therefore, we consider that the peak CF always occurs
during lifting.

Table 1. Maximum of the CF in the beginning of lifting and the end of lowering of the PT task
(Mann-Whitney test shows p-value = 0.025).

Conditions Beginning of Lifting End of Lowering

CFmax (N) 2141 ± 301 1968 ± 396

The mean values and standard deviations of each variable are shown in Table 2 Note
that e (%) is defined as the error between the ϕ of each factor and the ϕ of the peak CF.
Based on the investigations of the Kruskal-Wallis test and Dunn-Bonferroni post-hoc test,
the difference between the time lag of the peak value of different factors in the PT tasks are
summarized in Table 3.

Table 2. Time lag ∆t, normalized time lag ϕ (%), and normalized time error (e (%)) of each factor.

Variables CFp θp ωp αp GRFp Hp

Mean 2141 ± 301 N 49 ± 6◦ 32 ± 6◦/s 57 ± 7◦/s2 771 ± 84 N 57 ± 3 cm

∆t (s) 0.65 ± 0.49 0.30 ± 0.28 0.97 ± 0.46 0.25± 0.22 1.33 ± 0.48 0.75 ± 0.66
ϕ (%) 15.5 ± 12.3% 7.1 ± 7.0% 23.1 ± 12% 5.9± 5.5% 31.7 ± 12.0% 17.9 ± 16.5%
e (%) 0 −8.4% +7.6% −10.5% +14.2% −2.4%

Table 3. The p-values of multiple comparisons (Kruskal-Wallis test and Dunn-Bonferroni correction)
of ϕ for each parameter. The Kruskal-Wallis test shows p = 0.06, which rejects the hypothesis that ϕ

of each parameter is the same.

ϕof CFp
(%)

ϕof θp
(%)

ϕof ωp
(%)

ϕof αp
(%)

ϕof GRFp
(%)

ϕof Hp
(%)

ϕ of CFp(%) 0.02 0.257 0.001 0.001 1
ϕ of θp (%) 0.001 1 0.001 0.006
ϕ of ωp(%) 0.001 0.322 0.634
ϕ of αp (%) 0.001 0.001

ϕ of GRFp (%) 0.001
ϕ of Hp (%)

3.1.2. Multiple Linear Regression Equation for Peak CF

R2
i represents the coefficient of determination (R2) obtained by regressing the i-th

factor related to the remaining factors. In Table 4, there was no multicollinearity because
all variance inflation factors (VIFs) < 10. We applied multiple linear regression analysis
for all factors concerning peak CF. The R-squared value was 0.46. The coefficient of each
parameter is given by

CFp = 13.61θ + 31.30ω + 1.15α + 0.10GRF + 38.67H − 1205 (3)
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Table 4. Multicollinearity test for all factors.

Factor VIF

θ 1.17
ω 1.34
α 1.52

GRF 1.10
H 1.03

3.1.3. Comparison between the 3D Regression and Merryweather Models

The peak CF obtained from the 3D regression model was moderately correlated with
Merryweather’s model, with an R-square equals to 0.63 (at a level of 0.05, p-value < 0.001).
The fitted slope between the 3D regression and Merryweather’s models was 1.07, and the es-
timated CF in the 3D regression model was slightly lower than that of Merryweather’s model.

3.2. Dumbbell Lifting Task

Peak CF Timing and Peak CF in the Dumbbell Lifting Tasks
The peak CF, as obtained in the DL experiment, is shown in Table 5. In the analysis of

the Kruskal-Wallis test, no significant difference (p = 0.057) was observed among the peak
CFs under the various conditions during the DL tasks, nor in the timing of the peak CF.

Table 5. Peak CF and time lag to the initiation timing of the transfer (t1) that are estimated for 3 DL
patterns (15 kg dumbbell under com/t-e/e-t conditions).

Conditions Com t-e e-t Mean

CFDL
p lag (s) 0.21 ± 0.17 0.31 ± 0.32 0.34 ± 0.38 0.29

CFDL
p (N) 2387 ± 389 2451 ± 154 2324 ± 246 2387

4. Discussion
4.1. Lag of Peak CF with Respect to the Initiation

The estimated peak CF at the beginning of lifting was significantly (p = 0.025) greater
than that at the end of lowering. This implies that the peak CF occurs in the lifting phase of
the PT task, which is supported by previous studies [20,22,24].

As shown in Figure 4, the peak CF occurs at the incipience of lifting and between the
factors whose peak value occurs the earliest and the latest. Previous studies have described
the peak CF that appears only at the beginning of lifting, However, they have not provided
any determinations of the “beginning” [20,22]. For example, whether the peak CF occurs
at the initiation or lags a little from the initiation is unclear.

Therefore, it is difficult to determine when caregivers should apply an optimization
strategy. The results for the normalized time error presented in Table 2 indicate that
caregivers should adopt transfer strategies at the maximum trunk angle and trunk angular
acceleration. The trunk angle can be considered the trigger to imply the arrival of the peak
CF because of the difficulty in obtaining trunk angular acceleration.

According to Equation (3), the most severe condition is when all factors reach the
maximum simultaneously such that the estimated peak CF is greater than that in ordinary
scenarios. The caregivers’ lumbar will endure a greater peak CF if more factors reach
the peak values simultaneously. Therefore, we need to prevent factors that have the
greatest impact on the peak CF from reaching the peak values simultaneously. According
to Table 3, preventing ωp and Hp from occurring simultaneously is a solution for reducing
CFp because both factors have a considerable impact on the peak CF compared to the other
factors θp, αp, and GRFp. We need to adopt a strategy to change the timing of Hp as ωp
will be generated at the beginning of the lifting. Further, considering the space restriction
of the chair, the maximum H occurs when the patient is sitting. Thus, it is preferable to let
Hp occur before ωp. To allow Hp to occur before ωp, a caregiver needs to pull the patient
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in the direction of the caregiver at the incipience of lifting. Thus, the strategy of preventing
the representative factors from achieving maximum values close to one another effectively
reduces peak CF.

4.2. Effect of Primitive Motion on Peak CF

Table 5 indicates that the integration of primitive motions did not significantly influ-
ence the peak CF in the DL experiment. In Plamondon’s study, the extension, as well as the
lateral and twisting peak lumbar movement, showed no difference among the trajectories
when the subject lifted an 11.6 kgf box from a low shelf (22 cm from the ground) to a high
shelf (80 cm from the ground) with a twisting angle of 90 [31]. Based on the relationship
between the lumbar movement and CF reported by McGill, we can infer that the peak
CF in Plamondon’s experiment did not show any difference in different lifting trajecto-
ries [23]. Further, Table 5 implies that the peak CF of all lifts occurs in the incipience of
lifting. This means the direction of lifting in the incipience does not affect peak CF. The 2D
Merryweather model, having validation in lifting tasks, is inappropriate for 3D PT tasks [9].
However, based on the results of DL, it is possible to obtain the peak CF of the PT task
using the 2D human model. The PT task in the incipience is considered as an integration of
primitive motions. Thus, we assume that the PT task starts from the extension and ends
with twisting. Since the caregiver starts transferring from the sagittal plane, the PT task
incipience can be considered as sagittal lifting.

4.3. Incipience of Patient Transfer and Sagittal Lifting

According to the Newton-Euler equation and McGill’s model, the representative
factors can be divided into the effects of dynamics (trunk angular velocity and trunk
angular acceleration) and statics (trunk angle, GRF, and horizontal distance between wrist
and lumbar) on the CF, respectively. Excluding the components of the trunk angular
velocity and trunk angular acceleration, Equation (3) underestimates 12.2–33.7% of the
peak CF in the incipience of lifting. This result is similar to that reported in a previous
study wherein the static model caused an 11–38% underestimation of the lumbar load
in sagittal lifting, which supports the assumption that the incipience of lifting is sagittal
lifting [10].

4.4. Merryweather’s Model vs. 3D Regression Model

Thus, as indicated in Section 4.3, it is appropriate to use Merryweather’s 2D model
to estimate the peak CF at the incipience of lifting. Since Merryweather determined the
effect of dynamics as a speed-related factor k and based on the selection of the participants,
k has not been determined quantitatively. Further, k cannot represent various speeds but
only slow (k = 1.15), moderate (k = 1.3), and fast (k = 1.4) levels. A comparison between our
regression model and Merryweather’s model indicates that the estimated error of peak CF
is 7%, or 150 N. This error implies that Merryweather’s quasi-static model overestimates the
peak CF. Therefore, the speed-related factor k obtained by the regression model proposed
in this study is smaller than that in the slowest condition determined by Merryweather’s
model. The k estimated in the regression model should be approximately 1.07, with a
significant difference (p < 0.001) in the PT tasks.

4.5. Benefits of This Study

The existing biomechanical simulators require bulky devices to obtain a large amount
of motion data and dynamic data [20–22]. Some analytical models cannot appropriately
calculate the results of the dynamic effect on peak CF [8,9]. Thus, we proposed a model
to simplify the calculations and present the dynamic effect using the trunk flexion angle,
angular velocity, angular acceleration, GRF, and horizontal distance between lumbar and
wrist. These factors can be measured or estimated using three inertial measurement unit
(IMU) sensors (i.e., MTi 1-seires, Xsens Inc., Enschede, The Netherlands), two for the left
and right wrist, and the other one for the lumbar instead of using a motion capture system.
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Meanwhile, the change of these factors is easily felt and controlled by caregivers in real-life
scenarios. In addition, since the external load in this study was controlled and did not
exceed 15 kgf, the external load only caused a small effect on peak CF in Equation (3). In
the actual case, the GRF can be simplified as GRF = mg + 15 × g, where m represents body
mass (kg), g represents gravitational constant 9.8 m/s2, and 15 (kg) is the maximum of
external load controlled in this study. Thus, in the actual case, the GRF need not necessarily
be measured. The reason to control the external load at 15 kgf is to protect the caregivers’
lumbar safety.

The suggestion of reducing H in this study is similar to that adopted by Schibye et al.,
who asked the patient to lean forward at the beginning of lifting. The results showed
that the caregiver’s peak CF could be reduced by approximately 1400 N or 34.5% of that
obtained in the conventional transfer method [24]. However, the authors did not show the
quantitative relationship between the distance and peak CF. In this study, we determined
that changing the H, trunk angle, and angular velocity was more significant than the other
factors in reducing the peak CF, as shown in Equation (3). In addition, Equation (3) can
estimate the acceptable values of each factor (of course including H) without exceeding
the CF limit (3.4 kN). Thus, Equation (3) also provides insight into the safety assessment
for caregivers.

The proposed model also provides insight into the effectiveness of the assistive product
(i.e., lifting slings). By comparing the peak CF obtained with and without the assistive
device, the effectiveness of the assistive device can be evaluated. In addition, the factor by
which the assistive device must be optimized so as to reduce the peak CF can be intuitively
presented owing to the model’s simplicity.

4.6. Application of the Regression Model in Other Scenarios

This model can be used for scenarios that include the sitting transfer process. Based on
the investigation of Skotte et al. (2002), there are 10 primitive handling tasks in caregiving
motions [20]. The conventional caregiving scenarios can be considered as one of these tasks
or a combination of several of these tasks. The peak CF of these scenarios mainly occurs in
the sitting transfer task. Thus, it is necessary to estimate the peak compressive force during
the transfer phase from sitting on one seat to another. For example, transferring a patient
from one bed to another bed requires three tasks. The caregiver is “elevating the patient
from a supine position on the bed to sitting on the edge of the bed” (Task E), “transferring
the patient from sitting on the bed to sitting on another bed” (Task T), and “moving the
patient from sitting on the bed to supine position on the bed” (Task M). In this case, this
model can be used for task T. Usually, task T is the worst case of all three tasks. Thus, task
T can be selected as the representative task of the whole scenario whose peak compressive
force can be estimated by the model proposed in this study.

4.7. Limitations

There are some limitations to our study.

1. This experiment did not include a considerable weight and age group or a large
number of subjects because of the massive number of tasks and large analysis, which
is a reason the R-square value was not high in the regression analysis. In addition,
it is unclear to what extent the small sample can explain the peak CF timing when
considering the individual differences requires validation in the real transfer tasks.

2. The subjects were college students who could not perform the tasks as professional
caregivers or patients with physical constraints. Usually, well-trained caregivers will
start at a lower speed than those without experience in transfer. It will take away the
peak timing of all the factors, thereby causing a reduction of the peak CF. If we use
well-trained caregivers, we can observe the difference among the peak CF timing,
peak angular velocity timing, and peak H timing. We can probably use peak angular
velocity or peak H to estimate the timing of peak CF instead of using peak trunk angle
or angular acceleration.
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3. The peak trunk flexion angle in the PT task was 48.5◦, which is greater than 31◦ as re-
ported by Marras et al. [32], but smaller than 84.1◦ as demonstrated by Hodder et al. [33].
Different trunk angles result in errors in the CF estimation. There are three possible
reasons for the difference between trunk angles in our study and other studies. The
first reason is the knee angle. In lifting, an increase of knee angle leads to a decrease
of trunk angle and a decrease of peak CF. A lifting sample is provided in ISO 11228-1,
which states that the caregivers need to perform a larger trunk flexion when they keep
their legs straight compared to when they bend their knee, and the peak CF in the
latter is much smaller than the former. The second reason is the location where the
caregiver holds the patient. As the caregivers support the patients at their hip, waist,
and underarm, the peak trunk angles of the caregivers vary. Third, the experimental
setup also affects the peak trunk angle. For example, using a taller chair leads to a
smaller peak trunk angle.

4. For the safety of the lumbar, this study referred to the description of the acceptable
external load in the international standard for manual lifting ISO 11228-1, which
states, “In order to lower the risk for people at work, particularly those with less
physical capability, the recommended limit for mass should not exceed 15 kg” [34].
Therefore, the maximum change in the GRF on the caregivers was limited to 150 N in
the experiment. When the external force exceeds 15 kgf, assisting devices should be
used to facilitate the transfer.

5. Not controlling the knee angle is a limitation of this study because the knee angle
could affect the upper trunk angle, resulting in a variation in the estimation of the
CF. In our study, the Kruskal-Wallis test showed that both the left and right knee
angles varied among subjects (p < 0.001), while the trunk angle did not (p = 0.1754).
One possible explanation is that the posture of each subject was well coordinated to
maintain the trunk angle. This posture may have been similar among all subjects,
with each subject adjusting their hip and knee angles at the same time. Therefore, a
change in knee angle did not lead to a large variance of trunk angle in this study.

Since this relationship between the peak CF and the simple factors has not been
reported in the literature, we needed to investigate this relationship under known safety
conditions. Thus, we conducted the experiment with healthy students with a limited
lumbar burden instead of actual tasks conducted by real caregivers and care-receivers.

Although this study has several limitations, we provide a quantitative estimation
method for the peak CF in PT tasks, which is expected to contribute to the standardization
of PT tasks. Furthermore, we can recruit more caregivers and care-receivers to improve
the estimation method of peak CF after the data obtained under various PT conditions are
abundant and a safe environment is ensured.

5. Conclusions

This study investigated the relationship between the peak CF at the lumbar and the
caregivers’ motion strategies in chair-to-chair PT tasks. At the incipience of transfer, the
factors with greatest effect on peak CF were the trunk angular velocity (ω) and horizontal
distance between the wrist and lumbar (H). However, the peak CF was not significantly
affected by the direction at the incipience of transfer. To reduce the peak CF, caregivers
should adopt a proper motion strategy at the instance of the maximum trunk flexion angle
(θp), which implies the arrival of the peak CF. The strategy should be adopted to reduce the
maximum values of the dominant factors and prevent the dominant factors from reaching
the maximum values simultaneously. The findings in this study are expected to contribute
to the standardization of PT tasks.
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