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Abstract. The objective of this study was to analyze the kinematic and Kkinetic
characteristics of eight horticultural activities (HAs): digging, raking, sowing seeds,
transplanting plants, near-distance weeding, far-distance weeding, low-height harvest-
ing, and high-height harvesting. Twenty-four male university students (average age,
23.4 + 2.9 years) participated in this study. Balance and postural stability factors [e.g.,
center of mass (CoM), ground reaction force (GRF), and center of pressure (CoP)] and
postural control strategy factors (e.g., joint angles, joint moment, and muscle activation
of the trunk and lower limbs) were assessed using a three-dimensional (3D) motion
analysis system, force platform, and surface electromyography. A total of eight HAs were
distinguished in three motions: stepping, squatting, and stooping. In performing the eight
HAs, CoM shifting occurred and balance of the subjects became unstable. These forced
compensatory motor strategies to maintain balance by exertion of GRF from the two feet,
movement of the CoP, and a combination of musculoskeletal system exercises of the lower
limbs and trunk occurred. The kinematic and kinetic characteristics of lower limb
motions were significantly different across the HAs (P = 0.05). The kinematic and Kinetic
characteristics of HAs were similar to those of the functional tasks during balance
improvement training motions and activities of daily living. The current study provides
useful reference data for developing a horticultural therapy program for balance
improvement in patients who need physical rehabilitation.

Falling leads to serious physical damage,
such as hip and knee joint fractures. The main
cause of falling is a loss of postural control
ability resulting from a decrease in balance
(Hatch et al., 2003). Balance is a fundamental
factor in human movement and postural
control, and is generally defined as the ability
to maintain the CoM of the body within the
base of support (BoS) (Hrysomallis, 2011).
Specifically, dynamic balance is the ability to
maintain postural stability against changes in
CoM and BoS that occur during bodily
movements (Shin and Demura, 2012). Re-
covery of body balance and postural stability
is generated through postural control. Motor
control in the central nervous system results
in coordinated movements in the musculo-
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skeletal system as a strategy for postural
control (Horak, 2006).

To investigate the characteristics of motor
and postural control during human move-
ment, the kinetics and kinematics of move-
ment are described using various measurement
instruments, such as a 3D motion analysis
system, a GRF platform, and an electromyog-
raphy (EMG) device. The gold standard for the
analysis of human kinematics and kinetics is
using a camera-based motion analysis sys-
tem in combination with measurement devices
such as GRF and EMG (Aurbach et al., 2017).
On the basis of the characteristics of the
movement and postural control identified
through kinetic and kinematic analyses, re-
habilitation experts (e.g., occupational ther-
apists, clinical rehabilitation specialists, exercise
prescribers) develop appropriate rehabilitation
plans and methods (Murphy et al., 2006).

Meanwhile, HAs consist of growing ac-
tivities such as digging, raking, sowing seeds,
transplanting plants, and watering. The de-
tailed activities within HAs include various
motions such as sitting, walking, bending,
stretching, and lifting (Park and Shoemaker,

2009; Verra et al., 2012). Park and Shoemaker
(2009) reported that motions requiring waist
and lower limb movements, such as bending
(82%), walking (59%), and lifting (47%), were
performed mainly during HAs. In addition,
researchers have expected that the various
motions in HAs involve 1) combined exercises
in which joints and muscles are used together,
2) weight-bearing exercises, and 3) move-
ments during which the weight center of
gravity changes (Chen and Janke, 2012; Park
et al., 2013, 2014; Turner et al., 2002).

Therefore, the objective of the current
study was to examine the kinetic and kine-
matic characteristics (e.g., CoM and CoP) of
the trunk and lower limbs during HAs to
establish baseline data on postural control
balance training using a very similar group.
The kinematic and kinetic data of HA mo-
tions will be useful for the application of HAs
as rehabilitation treatment.

Materials and Methods

Subjects

The research volunteer list at Konkuk
University and Sahmyook University in
Seoul, South Korea, was used to recruit
a convenience sample of male subjects in
their 20s. Subjects who volunteered to par-
ticipate in this study were recruited through
advertisements in the universities. Moreover,
the researchers contacted the subjects via
telephone or through face-to-face contact,
providing explanations about the objective
of the study, procedures, schedules, and re-
quirements. All subjects completed the
agreement form before participating in
the experiment. The selection criteria for
the subjects included no prior surgery in the
lower limbs or spine within 5 years, and no
musculoskeletal or neurologic problems
(Kulas et al., 2012). The final sample con-
sisted of 24 male university students age 23.4
+ 2.9 years (Table 1). The sample size was
based on the previous studies about assess-
ment of control mechanisms during upright
standing (Termoz et al., 2008) and investiga-
tion of the motion characteristics of lower
limbs during daily living activities such as
stooping, squatting, and standing (Hwang

Table 1. Descriptive characteristics of the subjects
(N = 24) participating in the study.

Variable Mean + sp
Age (yr) 234+29
Height (cm) 173.3 +£4.9
Body weight (kg) 68.8 £ 8.7
Body composition”
Body mass index (kg-m™2) 228+24
Fat (g) 13.2+48
Lean (g) 51.9+48
Percent fat (%) 18.3+4.7
Leg length (cm)” 99.5 +4.6

“Assessed as the distance from the right anterior
superior iliac spine to the medial malleolus of the
right leg by using tapeline (model Rollfix;
Hoechstmass, Sulzbach, Germany) (Sabharwal
and Kumar, 2008).

YMeasured using a body fat analyzer (ioi 353;
Jawon Medical, Gyeongsan, South Korea).
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et al., 2009; Weaver et al., 2017). The mean
body mass index was 22.8 + 2.4 kgm?,
which is within the normal range (World
Health Organization, 1995).

At the completion of the study, the sub-
jects received $15 as an incentive. This study
was approved by the Institutional Review
Board of Konkuk University (7001355-
201604-HR-115).

Experimental conditions and HAs

The study was performed in a motor
mechanics laboratory at Korea Institute of
Sport Science in Seoul, South Korea. A
garden bed (0.6 m X 0.9 m X 0.2 m) was
previously installed in the laboratory (Fig. 1).
The initial positioning required subjects to
stand with their feet at shoulder width in the
middle of the garden bed with an anatomic
posture at 0° of the lower limb joint while
holding the gardening tool for HAs with their
right hand.

Six common HAs such as digging, raking,
sowing seeds, transplanting plants, weeding,
and harvesting were performed (Table 2). To
ensure that all subjects performed the HAs in
the same way, a standard operating procedure
for the HAs was developed previously by six
experts in the field of horticultural therapy,
horticultural science, and motion dynamics
(Park et al., 2014) (Table 2).

The researchers provided the subjects
with a demonstration and oral explanation
of the HAs before each activity was per-
formed. The subjects performed each HA
twice with a 30-s resting period between
each activity. The total experiment time for
each subject was 60 min on average.

Measurements

Subject characteristics. Subject demo-
graphic information, including height, body
composition, and leg length, was collected
before starting the experiment. Height was
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Fig. 1. (A) Plot design for the experimental setup. (B) A picture of a garden plot [0.6 (width) x 0.9 (length) x
0.2 (height)] in the experimental set-up. (B-1) Garden plot for raking, digging, sowing seeds, and
transplanting plants. (B-2) Garden plot for weeding and harvesting.
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measured using an anthropometer (model
0k7979; Samhwa, Seoul, South Korea) and
body composition was assessed using a body
fat analyzer (ioi 353; Jawon Medical,
Gyeongsan, South Korea) while the subjects
were shoeless. The length of the leg was
assessed as the vertical distance from the
right anterior superior iliac spine to the right
medial malleolus, by using a measuring tape
(model Rollfix; Hoechstmass, Sulzbach, Ger-
many) (Sabharwal and Kumar, 2008).

Kinematic and kinetic analyses. A 3D
motion analysis system (Qualisys Track
Manager 2.7 build 783; Qualisys, Gothen-
burg, Sweden) was used for the analysis of
kinematic factors such as CoM and the joint
angles of the trunk and lower limbs, and
kinetic factors such as joint moment (Fig. 1).
A total of 19 infrared (IR) cameras (Qualisys
Oqus700, Qualisys) were positioned around
the testing area. The capture rate of the IR
cameras was 200 frames/s.

During the performance of the HAs, the
movement of ball-type reflective markers
(diameter, 16 mm) attached to each subject’s
body was recorded. A total of 55 IR markers
were attached to five joint positions (i.e.,
shoulder, pelvis, sacrum, knee, and ankle)
and seven body segment positions (i.e., head,
trunk, upper arm, forearm, thigh, lower leg,
and foot) based on a modified Helen Hayes
marker attachment method (Collins et al.,
2009; Wu et al., 2005). A 3D global co-
ordinate system was set up for the calibration
of'a 3D motion analysis system that provides
a standard coordinate for data analysis. It was
used to record the initial positioning of the
subjects by the cameras for 1 min by using an
L-shaped frame and a T-shaped bar. When
performing the HAs, movement direction
was set based on the axis perpendicular to
the planes of motion of the body, such as the
sagittal plane, frontal plane, and horizontal
plane, as follows: x (forward-back), y (lat-
eral), and z (vertical) directions.

The force platform was used to measure
the GRF, which represents the interaction
between the body and the ground during the
HAs. This is the most commonly used
method for assessing balance quantitatively
during movement by calculating forces and
torques in the x-, y-, and z-axes directions
acting on the force platform while the subject
performed motion (Piirtola and Era, 2006).
Three force platforms (models 9281CA and
9287BA; Kistler Instruments, Winterthur,
Switzerland; dimensions, 0.6 x 0.4 m and
0.6 < 0.9 m) were positioned in the testing
area, as shown in Fig. 1. The sampling rate of
the force platforms was 100 Hz, and the
amplitude and range of voltage were set to
400 dB and +10 V, respectively.

A portable 16-channel surface EMG
(Desktop DTS; Noraxon, Scottsdale, AZ)
was used for the kinetic analysis of muscle
activation. A total of 16 axial and lower limb
muscles that have been shown previously to
be functionally agonistic during HA and
functional activities of daily living were
selected (Kuo et al, 2011; Park et al.,
2014). Bipolar surface EMG electrodes
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Table 2. Descriptions of horticultural activities performed by the participants.

Horticultural activity

Descriptions

Raking

Sowing seeds

_.F'l‘“\

1) Standing with the feet shoulder width apart, holding onto the rake (0.9 kg) by placing the right
hand at the end of the stick; 2) stepping forward with the left foot ahead of the right foot, holding
the stick one third from the end; 3) reaching out as far as possible with the rake to position the
blade properly at the horticultural task pot; 4) striking the rake onto the ground toward the front
of the subject; 5) stepping back with the left foot.

1) Standing with the feet shoulder width apart, holding the handle of the shovel (1.3 kg) with the
right hand; 2) stepping forward with the left foot ahead of the right foot, holding the middle of the
handle of the shovel with the left hand; 3) reaching to plunge the blade of the shovel properly into
the horticultural task pot; 4) digging and heaping the soil to the right side; 5) stepping back with
the left foot.

1) Standing with the feet shoulder width apart, holding the handle of the hoe (0.3 kg) with the right
hand; 2) squatting down (bending both legs horizontally); 3) reaching out as far as possible with
the hoe to position the blade properly at the horticultural task pot; 4) striking the hand hoe onto
the ground; 5) sowing seeds (Lactuca sativa) with both hands as a drill-seeding task; 6) standing

up.

1) Standing with the feet shoulder width apart, holding the handle of the trowel (0.1 kg) with the
right hand; 2) squatting down (bending both legs horizontally); 3) reaching to plunge the blade of
the trowel properly into the horticultural task pot; 4) digging and heaping the soil to the right
side; 5) transplanting one lettuce plant (Lactuca sativa) with both hands; 6) standing up.

1) Standing with the feet shoulder width apart; 2) squatting down (bending both legs horizontally);
3) reaching the right arm to the weeds (distance between the feet and weeds: near distance, 0.3 m;
far distance, 0.8 m); 4) grasping the weeds with the right hand, pulling them out toward the body
(frequency: bimanual, three times); 5) standing up.

1) Standing with the feet shoulder width apart; 2) stooping down, reaching the right arm to pick up
the produce [low height, lettuce produce (Lactuca sativa) at 0.15 m above the ground; high
height, pepper produce (Capsicum annuum) at 0.5 m above the ground]; 3) harvesting the
produce with the right hand and then putting it in the left hand (frequency: bimanual, three
times); 4) stretching up.
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Fig. 2. Lower limb and axial muscles, the activity of which was measured using electromyography during
eight horticultural activities using MyoResearch XP Clinical Edition 1.07 software (Noraxon,
Scottsdale, AZ). (A) Right rectus abdominis; (B) left rectus abdominis; (C) right rectus femoris;
(D) left rectus femoris; (E) right adductor magnus; (F) left adductor magnus; (G) right anterior tibial;
(H) left anterior tibial; (I) left erector spinae; (J) right erector spinae; (K) left gluteus medius; (L) right
gluteus medius; (M) left biceps femoris; (N) right biceps femoris; (O) left gastrocnemius; and (P) right

gastrocnemius.

(Noraxon Dual EMG Electrode; diameter,
22 mm; Noraxon) were attached on both
sides of 10 lower limb muscles, 2 hip mus-
cles, and 4 axial muscles during the eight
HAs (Fig. 2). The force platforms and the
EMG device were connected to the 3D
motion analysis system through the A/D
(analog to digital) board used for synchro-
nizing measurement tools.

Data analysis

The kinematics and kinetic variables of
the HAs were analyzed using Qualisys Track
Manager software (2.11 build 2280, Qualisys).
The raw data were rectified by applying the
Butterworth fourth-order low-pass filter (cut-
off frequency, 15 Hz) (Donnelly et al., 2012).
Human movement is mainly characterized by
5- to 20-Hz low-frequency data, which can be
interfered with easily by high-frequency me-
chanical and electrical noise (Hatze, 1990;
Kiristianslund et al., 2012). The low-pass filter
is used to eliminate these interfering sig-
nals to improve the stability and confi-
dence of the human movement frequency
data (Chiari et al., 2005; Paolini et al.,
2007).

The recorded two-dimensional image
photography data were digitized and con-
verted into 3D images using a nonlinear
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transformation method (Donnelly et al.,
2012) to obtain the relative coordinates of
the markers attached to the subject’s joints.

The CoM and joint angle were computed
based on the x-axis (sagittal plane), y-axis
(coronal plane), and z-axis (transverse plane).
The CoMs of the HAs were computed as the
maximum shifting distance (measured in
millimeters) between the left and right, front
and back, and up and down directions. Joint
angles were measured using the position of
the flexion and extension in the sagittal plane,
adduction and abduction in the frontal plane,
and medial rotation and lateral rotation in the
transverse plane of each joint through the
inner product of the vector between two
segments connected by the joints.

To analyze the joint movement pattern
during the HAs, the total movement process
from start to finish of each HA was set at
100%, and the tendency of extension and
flexion was shown. The joint moment was
calculated using the acting rotational force
between the two segments in the sagittal
plane. To normalize the moment data accord-
ing to the body composition of the subject,
the subject’s weight and mass were divided
by the collected raw data [measured in
Nm-N"'; torque (unit, newton meter) / force
(unit, newton)].

The GREF is the force that acts on a body
when the body makes contact with the
ground. CoP is the point of application of
the GRF (Porter, 2013). The GRF was calcu-
lated using the maximum vertical force (N)
generated on the foot from the ground; CoP
was analyzed as the CoP positions of both
feet in the left and right (x-axis) and forward—
back (y-axis) directions during HA. CoP
shifting was calculated as the maximum
shifting distance (measured in millimeters)
of the CoP during HA,; the dispersed distri-
bution to the trajectory of the CoP was
obtained by normalizing the total movement
time (set at 100%).

The collected analog signals through the
surface EMG device were converted to dig-
ital signals in the wireless EMG analysis
system, and the signals were analyzed using
MyoResearch XP Master Edition (MyoRe-
search XP Clinical Edition 1.07, Noraxon).
The raw EMG data (sampling rate, 1000 Hz)
were filtered to remove noise by using
a band-pass digital filter with a cutoff fre-
quency of 20 Hz (low) and 250 Hz (high), and
smoothing (10 ms) (Flanagan et al., 2003;
Park et al., 2014). In addition, for normali-
zation of EMG data, the raw EMG data were
converted to the percentage of maximum
voluntary isomeric contraction (%MVIC)
data, which means the ratio of muscle acti-
vation required for an HA to achieve maxi-
mal voluntary contraction (MVC) of each
muscle (Nishijima et al., 2010). To measure
the MVC of each muscle, the subject was
asked to exert maximum force at each muscle
for 3 to 5 s. The MVC was calculated based on
the 2.5-s interval, including the point where
MVIC occurred in the raw EMG signals
(Konrad, 2005; Weinhandl et al., 2013).

Statistics

The kinematic and kinetic characteristics
of the waist and lower limbs during the eight
HAs were compared using one-way analysis
of variance and Duncan’s multiple range tests
conducted with SPSS (version 24 for Win-
dows; IBM, Armonk, NY). Independent-
sample ¢ tests and paired-sample ¢ tests were
performed to examine homogeneity between
joint angles of the waist and lower limbs of
both sides, and to compare the characteristics
between the subsequent HA motions. The
significance level was set at P < 0.05.

Demographic data such as age, height,
body weight, body composition, leg length,
and joint angles in the initial position were
analyzed using descriptive statistics with
Excel software (Microsoft Office 2007;
Microsoft Corp., Redmond, WA).

Results and Discussion

Phase definitions for HA motions

The eight HAs—digging, raking, sowing
seeds, transplanting plants, near-distance
weeding, far-distance weeding, low-height
harvesting, and high-height harvesting—
required stepping, squatting, and stooping,
which are functional tasks for balance im-
provement training. Digging and raking were
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Table 3. Results of center of mass (CoM) for phases of the eight horticultural activities (mean + sp) in the study of kinematic and kinetic analysis of horticultural
activities for postural control and balance training.

Horticultural activity

Displacement of CoM (mm)

Phase

Stepping forward Reaching the Performing the Stepping back
Stepping Axis with the left foot target spot horticultural task with the left foot Total
Raking X —35.0 + 28.5% 41.0 +21.4 —-91.5+94.8 762 +£47.2 244.5 +51.9 BCY
v 217.0 £43.1 149.0 + 69.1 —207.1 £ 63.8 —178.5£44.7 755.7+ 1344 B
z —66.7 +38.0 —234.2 £50.5 136.0 +47.5 165.9 +£57.7 602.7 + 1349 G
Digging X -50.8 £46.3 52.5+43.8 -96.1 £31.5 66.7 +58.8 289.0 +£90.6 B
y 216.5+51.1 199.5 + 54.1 —221.8+57.4 —206.1 £29.6 843.8 + 1332 A
z -80.5 £ 51.0 -303.9 £ 62.5 223.3+62.2 156.9 +52.5 774.6 £ 137.8 E
P value” X 0.276™ 0.297" 0.633" 0.000%**
y 0.960™ 0.008** 0.411™ 0.016*
z 0.299" 0.000%** 0.000*** 0.581™
Standing Reaching the Performing the Squatting
Squatting Axis and squatting target spot horticultural task and standing
Sowing seeds x -20.6 £ 19.4 b* -7.9+7.6bc —5884+495a 243+237¢ 644.1 £67.2 A
y 222.5+80.0a 173+£17.7b 11.1+14.6b -1414+559a 382.5+119.8C
z —621.2+41.1ab 4844 +326a -11.1+146a 609.0 + 56.2 2,188.1 £ 872 A
Transplanting X —20.0£18.1b -37.0+213a —32.8+284b 66.5+539a 120.5+35.7D
plants y 156.5+50.7 ¢ 19.1+155b 163+12.8 ¢ —162.5+£52.3 ab 336.9 + 63.1 CD
z —597.4 £44.9 be -25.1+£14.0b -03+14.2d 626.2 £42.9 1,259.5 £ 86.4 C
Near-distance X -202+17.0b -2.5+11.0d -79+6.4c 127+113¢ 478 +21.1E
weeding v 1242 +429¢ 155+133b -16.5+149¢ -110.5+38.0c¢c 2553+712D
z 5948 +£42.7 ¢ 226+7.7b 18.6+152¢ 602.8 =49.9 1,239.3+842C
Far-distance X —38.7+£228a -144+£129b —17.6 £16.7 bc 292+214b 56.7+14.6D E
weeding y 2883 +91.0a 92.4+449a -175.7+755b -183.3+833a 742.6 +161.0 B
z —629.0+399a -314+126b 436+22.1b 623.4 +44.7 1,327.3 +84.8B
P value* 0.025% 0.000%** 0.000%** 0.000%**
0.000%** 0.000*** 0.000%** 0.001**
0.014* 0.000%** 0.000%** 0.321™
Stooping back
and reaching Performing the Stretching
Stooping Axis the target spot horticultural task back
Low-height X -92.3+£331 —13.1+£11.50 90.73 +39.6 208.7 + 65.4C
harvesting y 140.2 +30.8 14.2 £ 12.20 -142.39+273 — 293.0 + 53.0D
z —509.1 + 34.1 -11.2+£10.17 514.87 +31.8 — 1,020.8 £ 64.1D
High-height X -32.8+31.3 -10.7 £10.99 38.8 +£36.0 — 97.2 + 60.3DE
harvesting v 136.2 + 46.5 13.6 £9.14 —139.2 £24.8 — 291.7 + 78.8D
z —325.6 £26.8 -16.9 £21.97 3444 +27.1 — 689.8 + 54.9F
P value” X 0.000%** 0.582" 0.000%** 0.000%**w
y 0.732% 0.877 0.682" 0.000%**w
z 0.000%** 0.340™ 0.000%** 0.000***w

“Positive and negative values (+, —) mean that the CoM was moving in the following directions: x-axis (+, right; —, left), y-axis (+, anterior; —, lateral), z-axis
(+, upward; —, downward).
YAn independent-sample ¢ test was conducted to compare the means of displacement of raking and digging or low-height harvesting and high-height harvesting,
respectively, at P < 0.05.
*A one-way analysis of variance (ANOVA) was conducted to compare the means of displacement of CoM data (x-, y-, and z-axes) for each phase in the four
horticultural activities that classified squatting motion, with a significance of P < 0.05. When the results of the ANOVA were statistically significant, a Duncan’s
multiple range test was conducted to determine the differences between the means of displacement of CoM data at P < 0.05.

“Data of the total displacement of CoM for the x-, y-, and z-axes in each horticultural activity were compared using a one-way ANOVA. A Duncan’s multiple
range test as post hoc analysis was conducted to determine the differences between the means of displacement of CoM data at P < 0.001.

NS ke kN onsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.

— = no more phase.

Table 4. Results of ground reaction force of the eight horticultural activities (mean + sp) in the study of
kinematic and kinetic analysis of horticultural activities for postural control and balance training.

Peak force (N)

Horticultural activity Right Left P value¥
Raking 733.7+100.8 a* 3437+ 828D 0.000%**
Digging 722.0+934a 407.6+81.1a 0.000%**
Sowing seeds 458.7 £ 86.2 be 392.0 £79.6 ab 0.001**
Transplanting plants 471.7 £ 76.7 be 401.1 £ 100.9 a 0.001**
Near-distance weeding 451.6 £55.3 be 4144+762a 0.018*
Far-distance weeding 440.2£76.2 ¢ 421.3+108.9 a 0.478*
Low-height harvesting 506.5+96.0b 383.9 £ 60.8 ab 0.000%**
High-height harvesting 437.0£649c¢c 381.9 £50.7 ab 0.001**
P value® 0.000%** 0.046*

“A one-way analysis of variance (ANOV A) test was conducted to compare the means of peak force data for
each horticultural activity at P < 0.05. When the results of the ANOVA test were statistically significant,
a Duncan’s multiple range test was conducted to determine the differences between the means of peak

force at P < 0.05.

Y An independent-sample ¢ test was conducted to compare the right and left peak force data in each activity

at P <0.05.

NS kR k**¥Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.
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classified as stepping; sowing seeds, trans-
planting plants, near-distance weeding, and
far-distance weeding were classified as squat-
ting; and low-height harvesting and high-
height harvesting were classified as stooping
(data not shown).

The specific four phases within stepping
were defined as 1) stepping forward with the
left foot, 2) reaching the target spot, 3)
performing the horticultural task, and 4)
stepping back with the left foot. Squatting
also consisted of four phases: 1) standing and
squatting, 2) reaching the target spot, 3)
performing the horticultural task, and 4)
squatting and standing. Stooping consisted
of three phases: 1) stooping back and reach-
ing the target spot, 2) performing the horti-
cultural task, and 3) stretching back. This
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phase of HA motion was defined as the These phase definitions were similar to
movement between each event at which balance improvement training motions
a specific posture appears (data not shown).  (Carty et al., 2011; Kuo et al., 2011). Down-

Table 5. Results of pathway of center of pressure (CoP) for the eight horticultural activities (mean + sp) in
the study of kinematic and kinetic analysis of horticultural activities for postural control and balance
training.

Displacement of CoP (mm)

Right Left

Mediolateral Anteroposterior Mediolateral Anteroposterior
Horticultural activity (right direction) (front direction) (left direction) (front direction)
Raking 23.1 £ 22.2 abc? 29.0+13.5d 240+21.20b 403 +259d
Digging 18.1+12.9 be 403 +24.8d 18.1+ 1440 29.0+13.5d
Sowing seeds 30.8+233a 156.5+42.7a 29.6+154a 133.0+23.6a
Transplanting plants 348+ 16.7a 128.0+47.0b 27.5+11.5b 123.6 £45.6 b
Near-distance weeding 28.8+17.8 ab 110.0 = 44.4 be 26.1£129b 113.1 £42.4 be
Far-distance weeding 35.1+20.0a 1729+ 31.5a 29.7+123a 1709 £42.0 a
Low-height harvesting 19.4 = 14.4 be 126.1 £48.6 b 18.1£9.6b 101.2+374¢
High-height harvesting 165+11.7¢ 89.8+434c 16.5+12.8b 90.1+58.1¢
P value” 0.000%** 0.000%** 0.009** 0.000***

“A one-way analysis of variance (ANOVA) was conducted to compare the means of total displacement of
CoP for the right and left direction both feet in each horticultural activity at P < 0.05. When the results of
the ANOVA were statistically significant, a Duncan’s multiple range test was conducted to determine the
differences between the means of total displacement of CoP at P < 0.01.

** xxESignificant at P < 0.01 or 0.001, respectively.

ward reaching is a functional task used for
balance and postural control training and
clinical assessment of the risk of falls. To
perform downward reaching, it is necessary to
achieve motions such as stepping, squatting,
and stooping (Gera et al., 2016; Hernandez
et al., 2013). All HA motions included two
phases in common: reaching the target spot
and performing the horticultural task. During
these two phases, the common characteristics
of downward reaching were shown for per-
forming the horticultural task successfully at
the target spot in the garden area. Thus, the
eight HAs in this study included a functional
task for balance and postural control. More-
over, stepping, squatting, and stooping of the
HAs were functional tasks used in the most
basic movements of activities of daily living,
such as ascending and descending stairs,
picking an object from the floor or a low shelf,
and toileting (Long and Pavalko, 2004).

Stability of balance in HAs
Center of mass. The CoM of the subjects
shifted during all eight HAs. During all HA

Table 6. Results of joint angles of stepping motion in horticultural activities (mean = sp) in the study of kinematic and kinetic analysis of horticultural activities for

postural control and balance training.

Horticultural activity

Maximum joint angle (°) Raking Digging
Trunk Duplex P value”
Sagittal plane
Flexion 31.6 £10.7 37.5+10.7 0.068™
Extension — — —
Frontal plane
Adduction 8.8+44 74+45 0.134
Abduction 4.1+4.0 3.7+3.1 0.810
Horizontal plane
Rt. rotation 14.0 £ 5.1 129+ 6.0 0.518"
Lt. rotation 52+45 42+14 0.121*
Hip Rt. Lt. Rt. Lt. Rt. Lt.
Sagittal plane
Flexion 60.8 £22.5 69.4 +18.4 68.9 +20.7 89.7 £ 18.7 0.204* 0.001**
Extension 32+3.1 — 23+19 — 0.532 —
Frontal plane
Rt. lateral bending 45+4.0 354 +£10.0 25423 31.6£8.0 0.234 0.356™
Lt. lateral bending 104 +6.2 — 13.1£8.0 — 0.211™
Horizontal plane
Rt. rotation 10.6 £9.8 272 +10.6 11.1+£10.5 26.0 £ 8.4 0.892" 0.154
Lt. rotation 13.0+£9.0 — 142 +8.3 — 0.880™ —
Knee Rt. Lt. Rt. Lt. Rt. Lt.
Sagittal plane
Flexion 56.0+11.7 27.8+12.7 542 +12.2 42.5+13.5 0.281™ 0.001%**
Extension 45+42 63+6.2 37+1.1 43+4.1 0.228™ 0.384
Frontal plane
Rt. lateral bending 44+19 41+39 38+24 45+3.6 0.395% 0.790™
Lt. lateral bending 13.3+5.6 57+39 144 +4.6 83+59 0.500™ 0.050™
Horizontal plane
Rt. rotation 12.1+3.9 17.7£9.5 13.4+5.6 14.8+83 0.351™ 0.270™
Lt. rotation 6.0 £3.0 — 8.7+8.6 — 0.337™ —
Ankle Rt. Lt. Rt. Lt. Rt. Lt.
Sagittal plane
Dorsiflexion 83+52 — 6.7+£5.5 18.4+5.8 0.441™ —
Plantar flexion — 399+11.6 13.3+£52 37.3+£13.6 — 0.497*
Frontal plane
Rt. lateral bending 13.2+£6.5 9.8+89 12.0+£7.8 11.2+94 0.619™ 0.651™
Lt. lateral bending 88+75 7.6 +5.7 10.0 £ 6.1 74+57 0.252™ 0.853*
Horizontal plane
Rt. rotation — 37.3+£13.6 — 399+11.6 — 0.000%**
Lt. rotation 83+5.2 — 62+58 — 0.001%** —

“An independent-sample ¢ test was conducted to compare the means of the joint angle of raking and digging at P < 0.05.

N, #%F**Nonsignificant or significant at P < 0.01 or 0.001, respectively.
Rt. = right; Lt. = left; — = not detected.
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Table 8. Results of joint angles of stooping motion in horticultural activities (mean + sp) in the study of kinematic and kinetic analysis of horticultural activities for
postural control and balance training.

Maximum joint angle (°)

Horticultural activity

High-ht harves

ting

Low ht harvesting

Trunk P value”
Sagittal plane
Flexion 429+ 11.1 488 + 11.1 0.001**
Extension — —
Frontal plane
Adduction 33+2.6 38+238 0.569
Abduction 29+2.1 36+25 0.405*
Horizontal plane
Rt. Rotation 43+£3.0 5.8+42 0.250™
Lt. rotation 41+28 41+£24 0.974™
Hip Rt. Lt. Lt. Lt. Lt. Lt.
Sagittal plane
Flexion 75.0£9.2 75.8 £10.2 108.8 £7.4 107.4 + 8.9 0.000%** 0.000%**
Extension 4.8+3.7 38+33 58+3.2 50+3.7 0.503" 0.516™
Frontal plane
Rt. lateral bending 26+23 23+14 49+4.6 16.0 £ 8.2 0.283* 0.000%**
Lt. lateral bending 7.0+42 7.1+42 74+42 6.6+45 0.715™ 0.035%*
Horizontal plane
Rt. Rotation 4.1+3.1 11.8+7.1 555+44 122+£7.0 0.602* 0.867"
Lt. rotation 149+7.8 6.7+55 16.0 £7.9 6.7+6.0 0.655™ 0.978"
Knee Rt. Lt. Rt. Lt. Rt. Lt.
Sagittal plane
Flexion 177+ 114 202 +£12.9 56.2 £22.1 61.5+21.6 0.000%** 0.000%**
Extension — — — — — —
Frontal plane
Rt. lateral bending 53+4.1 35429 6.7+5.6 48+45 0.398™ 0.344
Lt. lateral bending 43+2.0 3.7+1.8 51+3.6 8.8+3.7 0.556™ 0.000%**
Horizontal plane
Rt. Rotation 3.7+£29 7.6+43 55+45 7.4+43 0.121™ 0.870™
Lt. rotation 6.1+32 3.8+3.2 58+54 3.7+3.5 0.662" 0.671%
Ankle Rt. Lt. Rt. Lt. Rt. Lt.
Sagittal plane
Dorsiflexion — — 6.0+54 6.6 4.8 — —
Plantar flexion 253459 249 + 6.5 19.7+44 19.4+4.1 0.001** 0.001**
Frontal plane
Rt. lateral bending 53+33 6.9+4.9 6.2+3.7 89+5.0 0.514 0.269
Lt. lateral bending 4.1+32 44+3.1 7.0+6.0 5.1+3.7 0.115™ 0.597*
Horizontal plane
Rt. Rotation — 10.3+£5.6 — 12.0+54 — 0.314*
Lt. rotation 11.3+5.0 — 11.0 £ 5.1 — 0.856™ —

“An independent sample ¢ test was conducted to compare the means of the joint angle of high- and low-height harvesting at P < 0.05.
NS k)RR k**¥Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.

Rt., right; Lt., left; — = not detected.

motions, the CoM from the standing-upright
phase to the reaching-the-target-spot phase
shifted forward and downward from the subjects’
body. After the performing-the-horticultural-task
phase, the CoM shifted back to the subjects’
body while returning to the standing-upright
phase.

The total movement distance of the CoM
among all the HAs was statistically signifi-
cant (P = 0.001) (Table 3). Among all the
eight HAs, the HA with the largest shifting of
CoM in the anteroposterior direction was
digging (843.8 £ 133.2 mm), whereas that
in the vertical direction was sowing seeds
(2188.1 £ 87.2 mm) (P = 0.001).

The characteristic of CoM shifting during
HAs makes balance unstable. The sense of
balance is reduced when the CoM of the body
moves out of the BoS, which represents the
side-to-side and front-to-back boundaries of
the two feet (Horak, 2006). To control the
instability of balance, the central nervous
system (CNS) performs motor control before
HAs are conducted. As a result of motor
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control, deliberate motor strategies and
movement of the musculoskeletal system of
the CNS are generated automatically to
stabilize balance. These processes maintain
balance, ultimately allowing subjects to per-
form the activities successfully without fall-
ing (Weaver et al., 2017).

Ground reaction force. HAs have been
characterized as applying a constant force of
the body against gravity on the ground. The
GRF of HAs showed a significant differ-
ence depending on the type of HA (Table 4)
(P =0.05). The GRF of the right foot was the
greatest in stepping motions such as raking
(733.7 £ 100.8 N) and digging (722.0 = 93.4
N) (P =0.001). The GRF of the left foot was
significantly greater in far-distance weeding
(421.3 + 108.9 N), near-distance weeding
(414.4 £ 76.2 N), digging (407.6 = 81.1 N),
and transplanting plants (401.1 + 100.9 N)
than in the other activities (P = 0.05). The
GREF of the right foot was greater than that of
the left foot for all of the eight HAs except
far-distance weeding (P = 0.05).

Center of pressure. The CoP trajectory,
the center position of the GRF generated
during HAs, was represented by the variance
distribution of the CoP with the right-left
direction and the forward—backward direc-
tion. All eight HAs showed the CoP move-
ment of both feet. The CoP at the origin
coordinates, located at the center of the feet
during the initial position, was moved toward
the end of the toes until the reaching-the-
target-spot phase. In the performing-the-
horticultural-task phase, the CoP position at
the end of the toes was maintained con-
stantly. In other words, the CoPs of the right
foot and the left foot commonly moved from
the right to the front and the left to the front,
respectively. After the performing-the-
horticultural-task phase, the CoP returned to
its origin coordinates (data not shown).

There was a significant difference in the
distance of maximum CoP shifting during
HAs among the activities (P = 0.01)
(Table 5). Among all the eight HAs, the
greatest activities of CoP shifting were
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Table 9. Results of joint moment (x-axis) for the eight horticultural activities (mean + sp) in the study of kinematic and kinetic analysis of horticultural activities

for postural control and balance training.

Peak joint moment (Nm/N)

Trunk Hip Knee Ankle

Horticultural activity Flexion Extension Flexion Extension Flexion Extension Flexion Extension
Raking 0.27 £0.04 bed* 0.03 +£0.02 0.04+0.02a 0.12+0.03bc 0.11 £0.04ab 0.07 + 0.05 ab 0.00+£0.00b 0.12 £ 0.04 ab
Digging 025+0.04cd  0.05+0.03 0.04+00la 0.16+0.04a 0.09+0.04c 0.08+0.05a 0.00+0.00b 0.13+£0.04a
Sowing seeds 025+£0.04cd 0.05+£0.02 0.03+001b 0.11+0.03bc 0.11 £0.03ab 0.06+0.06abc 0.00+0.00b 0.11+0.06cd
Transplanting plants 026 £0.03bcd 0.05+0.02 0.03+0.01b 0.13+0.03b 0.11+0.02ab 0.07+0.03 ab 0.04+0.0la 0.08+0.02d
Near -distance weeding 0.27 £0.05bc  0.04+£0.02 0.02+0.0lb 0.12£0.03bc 0.12+£0.02a 0.05+0.04 abcd 0.01 £0.01b 0.09+0.03d
Far-distance weeding 029+0.04ab  0.06+0.02 0.03+001b 0.11+0.02c 0.10+£0.02bc 0.05+0.05bcd 0.00+0.00b 0.09+0.04d
Low- height harvesting 0.31 +0.11 a 0.06 £0.02 0.03+001b 0.13+0.03b 0.03+0.02d 0.04+0.04 cd 0.00 £ 0.00b 0.10 £ 0.04 cd
High- height harvesting 0.23 +0.04 d 0.03£0.09 0.03+0.0lb 0.12+0.03bc 0.01£0.00e 0.07 +0.05 abc — 0.09 +0.05 d
P value” 0.000%** 0.069™ 0.000%** 0.000%** 0.000%** 0.003** 0.012* 0.000%**

“A one-way analysis of variance (ANOVA) was conducted to compare the means of peak joint flexion and extension moment data for each horticultural activity at
P <0.05. When the results of the ANOVA were statistically significant, a Duncan’s multiple range test was conducted to determine the differences between the

means of peak joint moment at P < 0.01.

NS,k kxR ¥ *E*Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.

— = not detected.

observed in sowing seeds and far-distance
weeding (Table 5). For instance, the CoP of
sowing seeds was shifted to the right by
30.8 £ 23.3 mm and the anterior by 156.5 +
427 mm from the origin coordinates (x:
4249 + 39.4 mm, y: 1218.9 + 41.3 mm) of
the right foot, and to the left by 29.6 +
154 mm and the anterior by 133.0 +
23.6 mm from the origin coordinates (x:
432.2 + 28.3 mm, y: 1218.9 + 43.3 mm) of
the left foot (P = 0.01).

To control the instability of balance that
occurs as the CoM moves toward the edges of
the BoS resulting from the dynamic motion
of HAs, the generation of the GRF and the
movement of the CoP occur in the two feet
such that the CoM no longer deviates out
from the edges of the BoS (Glinka, 2013;
Weaver et al., 2017). The CoM located at the
edges of BoS—a controlled factor to main-
tain balance of the body—is controlled by the
GRF and CoP. The directions of shifting of
the CoM and CoP were reported to have
a similar correlation (Glinka, 2013; Winter
et al., 1996).

The results of this study suggest that the
differences in the movement strategies, such
as GRF generation and CoP shifting among
the HAs, can be used as therapeutic tech-
niques for learning movement strategies and
controlling the difficulty of HAs in horticul-
tural therapy as balance improvement train-
ing (Latash and Nicholas, 1996).

Musculoskeletal system movement to
maintain balance stability in HAs

Joint angle. All of the lower joint move-
ments of HAs were found to require move-
ment of the trunk, left and right hips, left and
right knees, and left and right ankles through
3D motion analysis (Tables 6—8). The max-
imum joint angle of stepping, squatting, and
stooping of HAs showed similar kinematic
characteristics according to each motion.
Within the same motion, there was a joint
movement characteristic that showed a sig-
nificant difference according to HAs (P =
0.05) (Tables 6-8).

In the case of stepping, there was a signif-
icant difference in the maximal joint angle of
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the left hip, left knee, and the left and right
ankle between raking and digging (P = 0.01).
During digging, the left hip flexion (digging:
89.7 + 18.7°, raking: 69.4 + 18.4°), left knee
flexion (digging: 42.5 + 13.5°, raking: 27.8 +
12.7°), and left ankle right rotation (digging:
39.9 + 11.6° raking: 37.3 £+ 13.6°) were
significantly greater than those during raking.
On the other hand, the left rotation of the right
ankle (digging: 6.2 + 5.8°, raking: 8.3 £5.1°)
was greater in raking than in digging
(Table 6).

When performing HAs, the joint pattern
of the lower limb showed that 1) the flexion
occurred at the beginning of HAs in the initial
position, where the body joint was almost 0°;
2) the maximum flexion was reached and
maintained statically during the reaching-
the-target-spot phase and the performing-
the-horticultural-task phase; and 3) after
performing the horticultural task, the exten-
sion returned to the initial position (data not
shown). The characteristics of HAs in which
maximum flexion was maintained constantly
were observed at 17.0% to 80.0% in raking,
17.0% to 85.0% in digging, 12.0% to 90.0% in
sowing seeds, 14.0% to 89.0% in transplanting
plants, 16.0% to 86.0% in near-distance weed-
ing, 14.0% to 80.0% in far-distance weeding,
27.0% to 77.0% in low-height harvesting,
and 23.0% to 75.0% in high-height harvest-
ing standardized with the total movement
time (set to 100%). This feature is likely to
help improve the range of motion by extend-
ing viscoelastic tissue creep, the connective
tissue in a joint, and more flexibly (McGill
and Brown, 1992; Toosizadeh and Nussbaum,
2013). The kinetic and kinematic characteris-
tics of the HAs in this study were similar to
those of the functional tasks for balance
improvement training, such as stepping, squat-
ting, and stooping. The joint angle of all HAs
showed a greater tendency of flexion of the
trunk, hip, knee, and ankle with more COM
shifting (Glinka, 2013).

Joint moment. In all the HA motions,
flexion and extension moments occurred
(Table 9). When performing HAs, the flexion
moment of the trunk was found to be the
greatest among the other joint moments

(P = 0.001). The maximum flexion and
extension moments of all the joints except
the extension moment of the trunk were
significantly different according to the HAs
(P =0.05).

Digging was found to have the greatest
flexion (0.04 = 0.01 Nm-N") and extension
moment (0.16 = 0.04 Nm-N") of the hip,
extension moment (0.08 + 0.05 Nm-N") of
the knee, and extension moment (0.13 + 0.04
Nm-N"') of the ankle among all HAs (P =
0.01). Among all the HAs, low-height har-
vesting had the greatest trunk flexion moment
(0.31 £0.11 Nm-N") (P =0.001) (Table ).
The degree of joint moment generation is
affected by the range of motion, angular
velocity, and weight loading during the mo-
tion. When the flexion of the joint increases,
the joint moment tends to become greater
(Butler et al., 2010; Hemmerich et al., 2006).
Therefore, it is considered that the greatest
trunk flexion moment occurred during low-
height harvesting because it requires the
greatest trunk flexion (48.82 + 11.1°) among
the HAs.

Muscle activation. The HAs showed sim-
ilar characteristics of muscle activation in the
lower limb according to the motion (stepping,
squatting, and stooping; Table 10). Stepping
(i.e., digging and raking) was found to show
significantly greater muscle activation than
the other muscles in the left gluteus medius
(P =0.001). Sowing seeds and transplanting
plants in squatting showed significantly
greater muscle activation in the left tibialis
anterior than in the other muscles. In the case
of weeding when squatting, near-distance
weeding showed the greatest muscle activation
in both rectus femoris, whereas far-distance
weeding showed the greatest activation in both
tibialis anterior (P = 0.001).

The HA motions in the current study
showed lower muscle activations than the
functional squatting and reaching, although
the muscle activation pattern was similar
(Kuo et al., 2011). This difference is attrib-
uted to the fact that squatting of HAs con-
tained one more phase (i.e., squatting and
standing) than functional squatting and
reaching, so that a greater numeric value of
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muscle activation was integrated with the
MVC (Nishijima et al., 2010).

When performing all the HA motions, the
activation of the longissimus muscle of the
thorax was significantly greater during
the last phase of each HA motion, such as
the stepping-back-with-the-left foot, the
squatting-and-standing, and stretching-back
phases (P = 0.001). The rectus abdominis
showed greater muscle activation in the
reaching-the-target-spot phase during sowing
seeds and far-distance weeding (P = 0.05). It
is believed that returning to standing and
reaching the arm can be performed success-
fully only when the trunk, pelvis, and hip
joints are fixed. Therefore, the longissimus
muscle of the thorax and the rectus abdom-
inis, which support the trunk joint, seemed to
be highly activated (Kuo et al., 2011; McGill,
1995).

In conclusion, this study investigated
balance instability by shifting the CoM dur-
ing lower limb motion in common HAs using
kinematic and kinetic analyses. In addition,
the generation of the GRF, movement of the
CoP, and coordination of the joint and muscle
in the lower limb were found to be motor
strategies for HAs to maintain an unstable
balance and control posture. These results
showed that HA motions can be used in
rehabilitation therapy for balance improve-
ment training for injured veterans, stroke
victims, and so on, and that the methods
should be applied directly to investigate
horticulture for rehabilitation. This study
suggests that HAs can be used in task-
oriented training for the disabled by repeat-
edly incorporating functional tasks such as
stepping, squatting, and stooping engaged in
during those activities (Rensink et al., 2009).
Referring to these findings, horticultural
therapists can develop a horticultural therapy
program into therapeutic techniques in the
practical application for the disabled. Last,
the scientific and objective indicators derived
from this study will serve as reference data
for developing a horticultural therapy pro-
gram for balance improvement training.
Future studies are needed to analyze the
kinematic and kinetic characteristics of HA
in subjects with impairments of and disabil-
ities in balance or the lower limbs. A bigger
sample size may need to help for generaliz-
ability of the study results.
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